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REMARKS/ARGUMENTS 

Claims 1-17 and 19-38 are active in this application. Claims 1-17, 19-22, 26-29 are 
drawn to the elected subject matter. Support for the amendments to Claims 13-15 and 17 on 
page 5, first paragraph and page 9, first paragraph. Support for the amendment to Claim 16 is 
found on page 5, lines 11-15. Support for Claim 27 is found on page 5, first paragraph, lines 
26-30, and page 6, last paragraph. No new matter is added by these amendments. Favorable 
reconsideration is requested. 

An abstract is provided and the specification on page 12 has been amended in 
accordance with the Examiner's request. 

The rejection* of Claims 1-6, 10-22 and 26-28 under 35 U.S.C. § 102(a) over 
Nakagawa et al. is respectfully traversed. 

Nakagawa was published on June 20, 2001 . The present application claims priority to 
a provisional application which was filed on March 29, 2001 and two German applications, 
DE 142052.4 filed August 26, 2000 and DE 101 10053.1 filed on March 2, 2001. To perfect 
priority to these German priority documents, Applicants submit herewith certified English 
translations of the same. Accordingly, reconsideration and withdrawal of this rejection is 
requested. 

The rejection off Claim 16 under 35 U.S.C. § 102(b) over GenBank Accession No. 
AE001274 is respectfully traversed. 

While this GenBank entry describe the DNA sequences with 23 consecutive 
nucleotides from nucleotides 926 to 948, this sequence does not describe the isolated 
polynucleotide now claimed in amended Claim 16. Accordingly, withdrawal of this ground 
of rejection is requested. 

The rejection off Claim 17 under 35 U.S.C. § 102(b) over either GenBank 
Accession No. AF 186371 or U18263 is respectfully traversed. 
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Claim 17, as amended herein defines the hybridization conditions to SEQ ID NO.: 1, 
is at least 70% identical to SEQ ID NO.: 1 and which includes protein with oxyR 
transcriptional regulation activity. As the sequences in the two GenBank entries have a 54 
and 55% similarity to SEQ ID NO.: 1, these Gen Bank sequences do not anticipate Claim 17. 
Accordingly, reconsideration and withdrawal of this ground of rejection is requested. 

The rejection of Claims 2 and 18 Hinder 35 U.S.C. § 112, second paragraph is 
respectfully traversed. 

Applicants submit that the oxyR transcriptional regulator activity is a well known and 
defined term in the art. For reference, the Examiner's attention to the attached publications 
which describe oxyR transcriptional regulation activity from E. coli. Thus, the phrase "oxyR 
transcriptional regulator activity" is deemed to be clear and definite to one of ordinary skill in 
the art (see M.P.E.P. § 2173.02). 

The rejection of Claims 13-17 under 35 U.S.C. § 112, first paragraph ("written 
description") is respectfully traversed. 

Claims 13-17 have been amended to define that the polynucleotides which have 
identity and/or hybridize under stringent conditions to SEQ ID NO.: 1 also must encode a 
protein with oxyR transcriptional regulation activity. Pointing to the Examiner's attention to 
the discussion on page 9 it is clear that the application describes SEQ ID NO.: 1, which is a 
species of the claimed genus, the common characteristic of each of the claimed molecules, 
i.e., a structural similarity to SEQ ID NO.: 1, and the polynucleotides encode a protein with a 
particular activity. 

As a result, Claims 13-17 are adequately described and as such withdrawal of this 
ground of rejection is requested. 

The rejection of Claims 13-17 minder 35 U.S.C. § 112, first paragraph is 
respectfully traversed. 
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This rejection is believed to be traversed as the polynucleotides included in Claims 
13-17, which have been amended to couple the structural limitations relating to SEQ ID NO.: 
1 along with its ability to encode a protein having a specified enzymatic activity. As already 
cited by the Examiner, attention is again drawn to In re Wands , 8 USPQ 2d 1400, 1404 (Fed. 
Cir. 1988), which states: "Time and difficulty of experiments are not terminative if they are 
merely routine." (see also M.P.E.P. § 2164.06). Again citing In re Wands , M.P.E.P. § 
2164.06 states: "The test is not merely quantitative, since a considerable amount of 
experimentation is permissible, if it is merely routine, or if the specification in question 
provides a reasonable amount of guidance with respect to the direction in which the 
experimentation should proceed." 

Applicants point to pages 5-9 of the present specification which provides copious 
amounts of guidance and definition to make and identify polynucleotides that fall within the 
scope of Claims 13-17. Applicants also point to Examples 1-5 (pages 14-21) in which an 
actual isolation example is provided. Accordingly, reconsideration and withdrawal of this 
ground of rejection is requested. 

The rejection of CEaim 27 under 35 U.S.C. § 112, first paragraph is obviated by 
amendment. As amended herein, Claim 27 defines that the bacterium comprises an 
overexpressed polynucleotide. Accordingly, withdrawal of this ground of rejection is 
requested. 

The rejection of Claims 27-28 minder 35 U.S.C. § 112, first paragraph is 
addressed by amendment. As amended herein, Claim 27 is amended to define a 
coryneform bacterium which contains a polynucleotide selected from three options. 
Accordingly, withdrawal of this ground of rejection is requested. 

The rejection of Claim 29 under 35 U.S.C. § 112, first paragraph is respectfuEly 
traversed. 
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Applicants point the Examiner's attention to the deposit receipt of DSM 13457 
submitted with this application on August 27, 2001. In addition, Applicants state that all 
restrictions on the public availability of the deposit of microorganism will irrevocably and 
without condition be removed upon the granting of a patent from this application. 
Accordingly, withdrawal of this ground of rejection is requested. 

The rejection of Claims 6 and 22 under 35 U.S.C. § 112, second paragraph is 
addressed by amendment. 

The rejection of Claim 17 under 35 U.S.C. § 112, second paragraph is addressed 
by amendment. 

The rejection of Claim 27 under 35 U.S.C. § 112, second paragraph is addressed 
by amendment. 

The objection to Claims 2 and 18 is obviated by cancellation of the claims. The 
objections to Claims 5, 6, 21, 22 and 27-28 is obviated by correction of the bacterial name. 
The objection to Claim 12 is addressed by amendment, noting that the claim has been 
amended in accordance with the Examiner's suggestion, i.e., providing the full complement 
of the coding strand of SEQ ID NO.: 1. The objection to Claims 13-17 is obviated by 
amendment. 
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Finally, Applicants request that this application be passed to issuance. 

Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
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Transcriptional Regulator of Oxidative 
Stress-Inducible Genes: Direct 
Activation by Oxidation 

Giseia! Storz, Louis A. Tartaglia, Bruce N. Ames 
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The oxyR gene positively regulates genes induced by 
oxidative stress in Salmonella typhimurium and Escherichia 
coll Purification of the OxyR protein showed that oxi- 
dized but not reduced OxyR activates transcription of 
oxidative stress-indndble genes in vitro. Conversion be- 
tween the two forms of OxyR is rapid aini reversible. 
Both the oxidized and the reduced forms of the OxyR 
protein are capable of binding to three diverse sequences 
upstream of OxyR-regulated promoters, but the interac- 
tions of the two forms of OxyR with the promoter 
regions are different. The results suggest that direct 
oxidation of the OxyR protein brings about a conforma- 
tional change by which OxyR transduces an oxidative 
stress signal to RNA polyme rase, 

THE MBCHANISMS BT WHICH CELLS SENSE ENVIRONMENTAL 
adversity and then transduce die stress signals into a change 
in gene expression are known for only a limited number of 
responses. MerR, a regulate* of mercury resistance in Escherichia toil, 
is activated to induce mercuric reductase upon binding mercury ( 1) . 
The E. colt Ada protein, which regulates the expression of genes in 
response to DNA memylation, is activated by the transfer of a 
methyl group from the DNA to the Ada protein (2). For other 
environmental stresses, the transcriptional regulator has been char- 
acterized, but little is known about how the environmental signal is 
transmitted to the transcriptional regulator. For example, the level 
of RpoH, a regulator of the heat shock response in R coh y is 
increased after a shift to higher temperature (3), and the transcrip- 
tional activity of the heat shock factor in Saccharomyces cerevisiae is 
thought to be modulated by phosphorylation (4), but the actual 
sensors of heat shock are still unknown. 

The cellular response to oxidative stress is of importance since 
reactive oxygen species including superoxide anion (Or'), hydro- 
gen peroxide (H2O2), and hydroxy radical (HO), have been 
impijraml as causative agents in several degenerative diseases (5). 
Reactive oxygen species can be produced by the incomplete reduc- 
tion of oxygen during respiration, by exposure to radiation or to 
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oxidation-reduction (redox) active drugs such as paraquat, or by 
release trcm macrophages m 

can lead to damage of almost all cell ccMnponents—DNA, lipid 
rncmbranes, and proteins (5) . Both prokaryotic and eukaryotk cells 
have inducible defenses to counter caidative damage (6-8), but the 
mechanisms by which cells receive and respond to oxidative stress 
have not yet been elucidated 

The oxyKKontrolkd regulon of hydrogen pcroxidc^induabk 
genes in Salmonella typhimurium and £. cdi has provided a model for 
studying the cellular response to oxidative stress. When bacterial 
cells are treated with low doses of hydrogen peroxide, trie synthesis 
of at least 30 proteins is induced, and the cells become resistant to 
subsequent doses of hydrogen peroxide that would otherwise be 
lethal (7-9). The expression of nine of the proteins induced by 
hydrogen peroxide treatment is under the control of the oxyR gene 
(8). Strains carrying deletions of oxyR are unable to induce the nine 
proteins and are hypersensitive to hydrogen peroxide and other 
oxidants (8). Several of the proteins whose expression is regulated 
by oxyR have been identified and include caralasc, encoded by feofG, 
and an alkyl hydroperoxide reductase, encoded by ahpC and ahpF (8, 
9). 

Sequence analysis of the oxyR gene revealed that OxyR is a 
member of a large family of bacterial regulators that includes the E. 
coli regulatory protein LysR and the Rhizobium regulatory protein 
NodD (10-12). like many other members of the LysR family, 
OxyR acts as both a positive and a negative regulator. OxyR is an 
activator ofkatG and ahpCF expression and negatively regulates its 
own expression (10, 13). The levels of the fcofG and ahpCF mRNA's 
arc greatly increased in oxyR mutant strains that have consamtivcry 
high levels of the oxyK-regulated gene products suggesting that 
OxyR regulates at the level erf transcription (9, 13). Extracts of 
strains that overproduce the OxyR protein protect regions upstream 
of the oxyK-regulated oxyR, fcofG, and ahpC pronioters from 
dcoxyribonuclcase (DNase) I digestion although the protected 
sequences show very link sequence similarity (13). Bdlkcr and 
Kahmann have also round that OxyR is a repressor of the mow gene 
(ericoding a DNA rnodification niacrion) of phage Mu (It), To 
elucidate the mechanisms by which bacterial cells sense oxidative 
stress and then induce a defense response, we purified the OxyR 
protein to hornogeneity and studied its ability to bind oxyR- 
regulated promoters and to activate trariscription in vitro. 

No increase in amount or synthesis of OxyR after treatment 
with hydrogen peroxide. The expression of oxyP-regulated pro- 
teins as observed on two-cumensional gels, is induced within 10 
minutes after treatment with hydrogen peroxide (8). The expression 
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Rg. 1. Effect of hydrogen peroxide on the amount and synthesis of GxyR. 
(A) Cultures of TA4471 growing in Vogel- Bonner medium (29) containing 
0.4 percent glucose and 0.01 p er ce n t (each) argininc, aspartate, ghitamatc, 
and methionine, were treated with hydrogen peroxide (8, 9). At the 
indicated times, 200- uJ samples were centrifuged, rcsuspended in Laemmli 
buffer {30), and subjected to electrophoresis on 12 percent potyaaylamkic 
gels. The proteins were transferred to lutroceUulose filters by clcctrobtocring, 
and the fitter was probed with a 1:2000 dilution of antibodies to an OxyR- 
p-gabctosidasc fusion protein. Bound antibody was visualized by the 
reaction catalyzed by alkaline phosphatase conjugated with goat antiserum to 
rabbit antibodies (31), A 1.2-kb Ssp I-Eco RV fragment of pAQ17 (idf) 
carrying oxyR was doned into the Sma I site of pEX2 (32) to generate the 
QsyR-^-galaaostdasc fusion protein of approximately 150 kD. The fusion 
protein was separated from other E. coli proteins in a cell extract on a 6 
percent poryacrylamide get The portion of the gd containing the fusion 
protein was excised, and the protein was duted from the gd fragment with 
an Ehitrap apparatus (Schleicher & Schuell). The fusion protein (200 ug) 
was mixed wim FreuncTs complete adjuvant, sonicated to form an emulsion, 
and injected into a New Zealand white female rabbit. The rabbit was 
reinjected twice (at 15-day intervals) with additional fusion protein (200 ug) 
mixed with FreuncTs incomplete adjuvant. Scrum obtained 15 days after the 
thud injection reacted predominantly with the 34-kD protein not detected in 
oxyR deletion strains. Control tmmunoblocs showed that less than twofold 
differences in the amounts of OxyR could be detected (B) Cells (1 ml) with 
and without treatment with hydrogen peroxide were labeled with 35 u£i of 
[ 3 H)leucine for 2-minute intervals (-2 to 0, 0.5 to 2.5, 3 to 5, 5.5 to 7.5, 8 
to 10, 13 to 15, and 28 to 30). The labeling was stopped by the addition of 
25 ul of 1 pcicuit leucine, and the reactions were placed on ice. Cells were 
then lysed, and OxyR was precipitated with 5 fill of anti-OxyR (1:200 
dilution) as described (33). 



Rg. 2. Overproduction and purification of OxyR. (A) Samples (60 uJ) of 
overnight cultures of D1210 (HB101/FW) carrying pKK177-3 (tor 
p romo ter ) (34), pAQ28 (tor pfomoter^oxvJc), and pAQ25 (uu promoter- 
efficient Shir*c-Dalgarno-<wcyJJ) were centrifuged, rcsuspended in Laemmli 
buffer, and subjected to electrophoresis on a 12 pa cent polyacrytamkle gel 
The 1.5-kb Eco RI-Hind III fragment of pAQ17 (10) carrying oxyR was 
cloned into the corresponding sites of pKK 177-3 to generate pAQ28. To 
generate pAQ25, the 1.5-kb Eco Rl-Eco RV fragment of pAQ17 was 
doned into the Eco RI-Hinc II sites of a pUCl 8 derivative in which the sole 
Ssp I site was removed by limited Bal 31 digestion. The Eco RI-Ssp I 
fragment carrying the oxyR promo te r was then replaced by annealed 
c4igonudco6dcs (5VATTCATATTATITCTXXTTTC-3 r and S'-AATTO 
AAAGGAGAAATAATATGAAT-3') without alteration of the oxyR coding 
sequence. Finally the 1.5-kb Eco RI-Hind III fragment carrying oxyR with 
the altered Shinc-Dalgarno sequence (16) was subdoned into pKK177-3. 
(B) Samples [0.1 ug of protein as determined by Bradford assays (35) with 
bovine serum albumin (BSA) as a standard] of the soluble starting material, 
peak heparin agarose, MonoS, and katC affinity column fractions were 
su b jec te d to SDS ckctropboresis and siKer-stained (36). Whereas a few 
contantunating protein bands were barely visible for the MonoS fraction, no 
bands other than OxyR were seen for the katC affinity fraction. The fractions 
repitstui e d were treated as follows: 5 g of cells, obtained from 10 liters of 
D121(VpAQ25, treated with 250 rag of isopropyl-^r^thiogalactopyrano- 
nde (IFTG) for 2 hours, were resuspended in 20 ml of 50 mM Hepcs, pH 
7.6, 0.1 mM EOTA, 0.5 mM dithiothrehol (DTT), 2 mM MgO* and 50 
mM KQ The cdls were lysed by three passages through a French pressure 
cdL Chromosomal DNA was then digested with DNasc I, and the insoluble 
fraction was removed by cenrnfugaoon. The buffer concentrations of the 
soluble fraction were adjusted to 50 mM Hepcs, pH 7.6, 0.5 mM EDTA, 1 
mM DTT, 10 mM MgCfe (buffer Z), and 0.1MKO and applied to 150 ml 
of heparin Scpharose CL-6B (Pharmacia) at 1 to 3 ml/min. The column was 



of an oxyfl-rcgulatcd katG-lacZ fusion is also elevated within 5 
minutes after treatment with hydrogen peroxide (13), T determine 
whether the increased expression of curyft-regulated genes was 
associated with an increase in OxyR, we treated exponentially 
growing cells with hydrogen peroxide and examined the amount of 
OxyR and rate of OxyR synthesis. We first examined the amount of 
OxyR in an oxyR deletion strain carrying oxyR on a multicopy 
plasmid (TA4471, oxyR&3/pAQ17) (14). On this plasmid, oxyR is 
under the control of its own promoter, and the oxyR deletion strain 
carrying the plasmid shows the same adaptation to hydrogen 
peroxide as the corresponding wild-type strain (10). The TA4471 
strain was grown in minimal medium and half of the culture was 
treated with 60 \UA hydrogen peroxide. Samples of the treated and 
untreated cells were taken immediately before the treatment and at 
intervals after the treatment, and were then subjected to SDS-gel 
electrophoresis, transferred to nitrocellulose, and probed with anti- 
bodies to an OxyR-p-galactosidasc fusion protein (Fig. 1A). These 
immunoblots showed that there is no significant increase in the 
amount of OxyR after the treatment with hydrogen peroxide. 
Similarly, the levels of OxyR in a wild-type E. coli K12 strain 
carrying a single copy of the oxyR gene remained constant after 
treatment with hydrogen peroxide (IS). 

A culture ofTA4471, with and without treatment with hydrogen 
peroxide, was also labeled with [ 3 H] leucine for 2-minute intervals 
before and after treatment with hydrogen peroxide. Portions of the 
cells were lysed, and the OxyR protein was rjrecipitated with the 
antibody to OxyR (anti-OxyR) and subjected to electrophoresis 
(Fig. IB). Whereas the synthesis of OxyR was unchanged in 
unrjeated cells, cells treated with hydrogen peroxide showed a 
decrease rather than an increase in OxyR synthesis during the first 
10 minutes after treatment with hydrogen peroxide. 

These results suggest that increased expression of the oxyR 
regulon after treatment with hydrogen peroxide is not a result of 
increased levels or synthesis of OxyR, but is rather a conscience of 
a modification of preexisting OxyR. This conclusion is in agreement 
with other observations about the oxyR-mcdiaxcd response. Strains 
(D1210/pAQ25) (Fig. 2A) that overproduce the OxyR protein, do 




washed with 500 ml of buffer Z cc*raining O.IMKQsjkI 500 ml ctf buffer Z 
containing 0.2M KQ and then duted with a 700-ml linear gradient of buffer 
Z containing 0.2 to 0.5MKQ. The 10~ml fraction that cc*nsui^ 
OxyR and duted at 0.35 to 0.40M KO was diluted with 40 ml of buffer Z 
and applied to 1 ml of Mono S HR5/5 (Pharmacia) at 0.5 ml/min. The 
protein was duted with a 20-ml linear gradient of buffer Z containing KQ 
(0.1 to 1.0M). The 1-ml fraction containing the peak of OxyR was diluted 
with 4 ml of buffer Z containing 0.1 percent NP-40 and applied to a DNA 
affinity column (0.5-m! volume) prepared with oligonucleotides based on 
the katC promoter sequence (37) as outlined (38). The flow&rough was 
applied to the column a second time. The column was then washed with 4 ml 
of buffer Z containing 0.1M KQ and 0.1 percent NP-40, and OxyR was 
duted with 2 ml of buffer Z containing 0.4M KQ and 0.1 percent NP-40* 
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4 not show fticreased esfpression of the oxyK-regulated proteins (15). 
$ In addition, the constitutive overproduction of oxy/f-regulated 
v proteins in strains carrying the oxyR2 mutation is due to a missensc 
mutation (Ala to Val) in OxyR rather than increased expression of 
the oxyR mRNA (JO) or protein, (15). 

Binding of three non-homologous sequences by purified 
OxyR. To further characterize OxyR activation after oxidative 
stress, we purified the OxyR protein to homogeneity. We previously 
observed that OxyR negatively regulates its own expression (10) and 
found that cloning the oxyR promoter and open reading frame 
behind the well-transcribed tor promoter did not result in large 
overproduction of OxyR (Fig. 2A, pAQ28). To eliminate the site of 
negative autoregulation and to allow for optimal expression of the 
oxyR message, the oxyR promoter region (including the OxyR 
binding she and oxyR Shine-Dalgamp sequence) was replaced with 
an efficiently translated Shine-Dalgamo sequence (16) (Fig. 2A). 
OxyR is the predominant protein in strains carrying this construc- 
j uon (Fig. 2A). 

\ Whereas a significant portion of the overproduced OxyR protein 
was sequestered in the insoluble fraction of the OxyR-ovcrproduc- 

x tng cells, OxyR was still abundant in the soluble fraction. To avoid 
any complications caused by possible structural differences between 
the soluble and the insoluble protein, we chose to purify Oxy R from 
only the soluble fraction. Full purification (no other bands were 
visible on a silver-stained gel loaded with 0.5 ug of protein) was 



achieved by fractionation on three columns (Fig. 2B). Fractionation 
on a heparin-agarose column eliminated most of the cellular pro- 
teins. A second fractionation step on MonoS resin removed addi- 
tional contaminants and resulted in concentration of the OxyR 
protein. The remaining contaminants were eliminated on a se- 
quence-specific DNA affinity matrix consisting of ligated oligonu- 
cleotides containing the OxyR-binding site upstream of katG (por- 
tions of the katG affinity fraction shown in Fig. 2B were used in all 
subsequent experiments). 

Crude extracts from OxyR-overproducing cells protect sequences 
upstream of the katG, ahpC y and oxyR genes from DNasc I digestion 
that do not show any apparent sequence similarity (17). To deter- 
mine whether OxyR purified to homogeneity on the basis of 
binding to the katG sequence could still bind the ahpC and oxyR 
sequences, we incubated samples of the fraction shown in Fig. 2B 
with katG, ahpC, and oxyR promoter fragments and assayed for the 
ability to protect against DNasc I digestion. Samples containing less 
than 5 ng of purified OxyR were able to fully protect all of the 
promoter fragments against DNasc I digestion {IS) (Fig. 5). These 
results showed that purified OxyR is capable of binding to the three 
different sequences at the katG, ahpC, and oxyR promoters. The sites 
bound by OxyR are quite large (>45 nucleotides) suggesting that 
OxyR might bind as a multimer, but no obvious inverted or tandem 
repeats are seen within the protected regions. 1 

OxyR activates transcription on oxidation. To investigate the 



Fig. 3. Activation of katG expression in 
vino by oxidized but not reduced OxyR 
(A) Increasing amounts [2, 20, and 200 ng 
of protein based on Bradford assays (35) 
before the centrirugarion step below] of 
purified OxyR were added to RNA poly- 
merase and a plasmid (pBT22) (19) carry- 
ing the katG and bla genes, and the result- 
ing in vitro transcription products were 
crammed by primer extension. The tran- 
scription assays were carried out as fol- 
lows: A sample (50 ul) of purified OxyR 
with carrier BSA (IS ug) was centrifuged 
through 800 pi of Sephadex (Bochringer 
Mannheim) into the traiiscription butter 
(40 mM tris-O, pH 7.9, O.lAf KO, 10 
mM MgCfe) containing 1 mM DTT, 5 
percent glycerol, and 0.1 percent NP-40. 
A portion (5 of oennifuged OxyR 
together with 2.5 pi of HjO was then 
incubated with pBT22 DNA (0.2 ug m 
36.5 ul of transcription buffer) for 10 
minutes at 37"C RNA polymerase holo- 
enzymc [0.5 ug (39) in 5 ul of transcrip- 
tion buffer] was added to the previously 
bound template, and the reaction was in- 
cubated for an additional 10 minutes at 
37X1 After the addition of 1 ul of a25 
mM NTP mixture, the tractions were incu- 
bated for 5 minutes at 37-G The reactions 
were terminated by the addition of phenol 
and extracted several times with phenol 
^ chkxofbniL Then a labekd pri 

transcriptase (10, 13). (B) OxyR was assayed for the ability to activate katG 
transcription in the presence of 1 or 100 mM DTT. The OryR fractions 
repicac ui ed in lanes 3 through 7 were treated as follows. Purified OxyR (50 
ul) with BSA was centrifuged into inscription buffer containing 1 mM 
DTT, glycerol, and NP-40 as described above After a sample was removed 
(bne 3), the DTT concentration was adjusted to 100 mM . Another sample 
was removed (lane 4) before the remainder was centrifuged through a 
second Sephadex column equilibrated with transcription buffer containing 1 
mAf DTT, glycerol, and NP-40. After a third sample (lane 5 ) was removed 
OxyR was again treated with 100 mM DTT (lane 6) and subsequently 
centrifuged into 1 mM DTT (lane 7). The OxyR samples [1 ui (lane 3), 1.5 
*l (lane 4), 3 ul (lane 5), 3.5 ul (lane 6), and 5 ul (lane 7), to compensate for 
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dilution by the added DTT or for loss during centrifugation] were then 
assayed for transcription as described for (A). The DTT concentrations of 
the transcription reactions corresponding to lanes 2, 4, and 6 were 
to 100 mM by the addition of 2.5 ul of 1.7M DTT instead rf2^ ulcifHaO. 
(C) OxyR (1 ui of the centrifuged sample described for (A) was assayed for 
the ability to activate katG transcription in the pecsenee of air- or niUQgc n- 
saturated buffers, the transcription assays for lanes 1 and 2 were performed 
as described for (A) except that the DTT concentration of the re action 
nurture was adjusted to 10 mM by the addition of 2.5 ul of 0.2M DTT 
instead of 2.5 all of HjO. The transcription assays for lanes 3 and 4 were 
performed (as described for lanes 1 and 2) in the Anaerobic Faculty 
(containing less than 5 ppmof Oj) m nSe Laboratory of Biochemistry at the 
National Heart Lung and Blood Institute. 
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mechanism by which OxyR regulates die expression of the oxyR 
rcgulon, we first assayed the ability of extracts from OxyR-ovcrpro- 
ducing cells to activate expression of the ahp genes in an in vitro 
transcription-translation assay. The addition of extracts prepared by 
sonication stimulated the expression of the ahp genes, but not a 
control bla gene (encoding ^-lactamase) (18). Initially this finding 
was surprising because neither the cells nor the extracts had been 
treated with hydrogen peroxide. Suspecting that OxyR could be 
activated solely on release from the reducing environment of the cell 
into air-saturated buffers [even buffers containing 1 mM dithiothrci- 
tol (DTT)], we prepared extracts in the presence of various 
antioxidants and rcductants. Extracts from the OxyR-overproducing 
strain prepared and assayed in the presence of 100 mM DTT no 
longer activated the ahp genes in the transcription-translation assay 

(18) . The high concentration of DTT did not alter the basal levels of 
ahp or bla expression, and the inactive extracts could activate 
expression if the 100 mM DTT was removed by dialysis (18). 
Concentrations of DTT as low as 10 mM prevented the activation if 
extracts were prepared and assayed under semi anaerobic conditions 
(tubes purged with argon) (18). These results suggested that the 
oxidation state of the OxyR-enriched extracts affected their ability to 
stimulate expression of die ahp genes in vitro. 

To determine whether OxyR was the sole sensor of oxidation and 
the only component required to activate oxyA-regulated gene 
expression, we examined the ability of purified OxyR to regulate 
expression of oxy/2-regulated genes in more defined transcription 
assays. Samples of the most highly purified OxyR fraction were 
incubated with RNA polymerase holoenzyme, and plasmids carry- 
ing the oxyK-rcgulatcd ahpC (pAQ27) (13) or katC genes (pBT22) 

(19) as well as the bla gene as a control. The transcription products 
generated in vitro were then examined by primer extension assays. 
Increasing amounts of OxyR increased the transcription of both die 
ahpC (15) and katG genes (Fig. 3A) while having no effect on the 
expression of the bla gene. Densitometer scans of Fig. 3A showed 
that the addition of OxyR caused an induction of the katG message 
of more than 100-fold. The start sites of the transcripts generated in 
vitro, as determined by the lengths of the primer extension products, 
agree with the transcription starts seen for the ahpC and katG genes 
in vivo (13) and described for the bla gene (20). 

We also assayed the ability of purified OxyR to activate transcrip- 
tion in the presence of 1 and 100 mM DTT to determine whether 
the purified protein showed the same sensitivity to oxidation and 
reduction as seen for the cell extracts. The high concentration (100 
mM) of DTT did not reduce transcription in general since neither 
bla expression nor the basal level of katG expression was affected 
(Fig. 3B, lane 1 compared to lane 2). However, OxyR incubated in 
the presence of 100 mM DTT no longer activated expression of 
katG (Fig. 3B, lane 3 compared to lane 4). The inacrivation of OxyR 
by 100 mM DTT was readily reversible since OxyR regained the 
ability to activate katG expression upon removal of die high 
concentration of DTT by gel filtration (Fig. 3B, lane 5). We also 
found that the same OxyR sample could then be reinactivated by 
100 mM DTT and reactivated by removal of the DTT for a second 
time (Fig. 3B, lanes 6 and 7). These results suggest that the ability of 
OxyR to activate transcription is sensitive to the oxidation state of 
OxyR. The interconversion of OxyR between the active and inactive 
forms is also readily reversible within the 5 -minute period required 
to remove the DTT. 

The finding that DTT, a reductant, could reversibly inactivate the 
OxyR protein suggested that the redox state of the OxyR protein 
was coupled to its ability to stimulate transcription. However, the 
high concentrations of DTT might inhibit activation by denaturing 
OxyR or by chelating a metal required for function. To distinguish 
between these possibilities, we assayed the ability of OxyR to 
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activate transcription under anaerobic conditions. In air-saturated 
buffers, OxyR is active in the presence of 10 mM DTT (Fig. 3C, 
lanes 1 and 2). If the transcription assays were performed in the 
presence of 10 mM DTT under a nitrogen atnxwpherc, OxyR no 
longer activated katG expression (Fig. 3C, lanes 3 and 4). These 
parallel assays (in which the only variable is the presence or absence 
of oxygen) strengthen our conclusion that the ability of OxyR to 
activate transcription is directly dependent on the state of OxyR 
oxidation. 

DNA-binding of oxidized and reduced OxyR is **««*rfyt Since 
we previously found that OxyR negatively autoregularcs its own 
expression in vivo (70), we also examined the ability of OxyR to 
regulate oxyR transcription under oxidizing (1 mM DTT) and 
reducing (100 mM DTT) conditions with purified OxyR and RNA 
polymerase in vitro. The start of the oxyR transcript generated in 
vitro is consistent with the transcription start seen in vivo (10), and 
high levels of oxyR transcription are seen in the absence of OxyR 
(Fig. 4, lanes 1 and 3). The oxyR expression was reduced substan- 
tially in the presence of both reduced and oxidised OxyR (Fig. 4, 
lanes 2 and 4). The oxidized form of OxyR appears to be more 
efficient than the reduced form in repressing its own expression, in 
agreement with the observation that the synthesis of OxyR is 
decreased in cells treated with hydrogen peroxide compared to 
untreated cells (Fig. IB). 

We consistently see a decrease in the synthesis of the control bla 
gene in transcription reactions containing both the oxidized OxyR 
protein and the oxyR gene (Fig. 4, lane 2). This decreased expres- 
sion of the bla gene is likely to be due to the titration of a limiting 
component in our transcription assays by the extremely high 
expression of a small RNA that is encoded in an orientation 
opposite to the oxyR gene and whose expression is highly induced 
by hydrogen peroxide in vivo (27). Repression by oxidized OxyR 
without a decrease in bla expression was observed in coupled 
transcription-translation assays in which all components are in 
greater excess (18). 

The observation that reduced OxyR could act as a re pr e ss o r 
suggested that OxyR was capable of binding to DMA under both 
oxidizing and reducing conditions. To investigate this possibility 
and further characterize die reduced form of OxyR, we assayed the 
ability of OxyR to bind to the katG, ahpC, and oxyR promoters 
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Rg. 4. Both oxidized and reduced OxyR 
repress oxyR expression in vitro. OxyR (1 
til of the centruuged sample described in 
Fig. 3A) was assayed for the ability to 
repress transcription of the oxyR gene in 
the presence or absence of 100 mAf DTT 
as described in Fig. 3B. A pUC12 pbsmid 
(0.2 ug) carrying oxyR (pAQ17) (10) was 
used as the template. A distinct bla tran- 
script extension product was visible on 
long exposures of lane 2, while no oxyR 




transcript extension product was detected. 12 9 4 
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under both conditions. DNase I assays in the presence of 1 and 100 
jnM DTT clearly show that OxyR binds to all three promoters, with 
high affinity under both oxidizing and reducing conditions (Fig. 5). 
Therefore, the conversion of reduced OxyR to a transcriptional 
activator upon oxidation is not likely due to significantly increased 
DNA-bincUng by the oxidized form of OxyR, but is probably due to 
a conformational change in OxyR already bound to the promoter 
regions. 

In support of this conclusion, the footprints of oxidized and 
reduced OxyR are different. A distinct DNase I hypersensitive site 
(indicated by arrows in Fig. 5) is seen in the footprints with 
reduced-inactive but not oxidized-active OxyR. A DNase I hyper- 
sensitive she was also previously seen for IlvY (a member of the 
family of regulators showing rrorriology to OxyR) in the absence but 
not in the presence of the inducer of the UvY-mediated response 
(22). The lengths of the OxyR footprints at the katG and oxyR 
promoters arc also different under oxidizing and reducing condi- 
tions (Fig. 5). While the footprint at the fcafC promoter is shortened 
in 100 mAf DTT, the footprint at the oxyR promoter shows a dear 
extension under the reducing conditions. These observations sug- 
gest that the OxyR protein may change its contacts with the DNA. 
Although such alterations in footprint pattern are rare, E. coli RNA 
polymerase has also been found to drastically alter its contacts with 
DNA as the enzyme undergoes the transition from a dosed to an 
open complex (23). The altered footprint of reduced OxyR is not an 
artifact due to the high concentrations of DTT since a nonindudblc 
OxyR mutant protein (resulting from the conversion of the cysteine 
residue at position 199 to serine), which no longer functions as an 
activator in vivo, shows a DNase I protection pattern in 1 mM DTT 
that is identical to the pattern seen for the wild-type protein in 100 
mM DTT (15). 

Oxidation as a mechanism for regulation. Our results show that 
OxyR, a transcriptional activator of genes induced by hydrogen 
peroxide, is activated directly by oxidation and, is therefore both the 
sensor and transducer of an oxidative stress signal. Wc postulate that 
low amounts of reduced OxyR molecules arc present in the cells at 
aD times, bound to the promoters of oxyK-regulated genes. These 
OxyR molecules are poised to be activated by low amounts of 
hydrogen peroxide which presumably enter the cell by diffusion. 
Such a system allows for effident and rapid induction of defense 
genes. Some of the other bacterial regulators that show homology to 
OxyR have also been found to be bound to the promoters that they 
regulate in both the presence and absence of inducer (22, 24) 
suggesting that members of this family of regulators may all be 
ideally designed for responses requiring immediate induction. 

The differences in the footprints between reduced and oxidized 
OxyR at the katG, akpC, and oxyR promoters suggest that a distinct 
corifomuuional change in the OxyR protein is associated with the 
transition from the reduced (inactive) to the oxidized (active) state. 
Possibly the conformational change exposes an activation domain as 
has been proposed for numerous cukaryotic activators (25). Alterna- 
tively the corifbrrnational change may be associated with a change in 
ougomerizatiort. Leucine residues that are spaced at intervals of 
seven amino adds reminiscent of a leucine zipper dimerizarion 
domain are highly conserved among the LysR-OxyR family of 
regulators (15). The details of how transcriptional activators contact 
polymerase to activate transcription are still largely unknown in 
both prokaryotes and cukaryotes. Hence, structural and genetic 
studies of the differences between the oxidized and reduced forms of 
OxyR should provide important insights into trariscriptional activa- 
tion in general. 

The finding that the interactions of reduced OxyR with the 
individual promoters arc different is also intriguing. Perhaps the 
* different sequences at the three promoters dictate different confor- 
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manorial changes and roles for OxyR at the three promoters. At the 
oxyR promoter, OxyR activates trariscription in one direction and 
represses transcription in the other, whereas OxyR probably only 
acts to induce transcription at the katG and ahpC promoters. Bolker 
and Kahmann have also characterized the binding of OxyR to the 
phage Mu mom promoter, which is repressed by OxyR (I J). 
Interestingly, at this promoter, OxyR discriminates between methyl- 
ated and unmcthylatcd DNA (11). Further analysis of the specific 
DNA contacts made by reduced and oxidized OxyR at the different 
promoters should duddatc how OxyR is interacting with the 
different sequences and how a single protein can recognize several 
sequences that do not show apparent homology. 

The nature of the oxygen species causing the conformational 
change and activation of OxyR in our assays has not yet been 
identified. Since OxyR is activated simply by the presence of air in 
10 mM DTT in our in vitro assays, wc suggest that reactive oxygen 
species are generated by the dissolved oxygen in our purification and 
assay buffers. Air-saturated solutions containing low concentrations 
of thiol compounds or detergents, both present in our buffers, are 
known to contain reactive oxygen spedes (26). We have prevented 
OxyR activation on removal of the 100 mM DTT by the addition of 
catalasc (which breaks down hydrogen peroxide), suggesting that 
concentrations of hydrogen rjeroxide capable of activating OxyR are 
present under the aerobic conditions (15). Presumably, the rate of 
OxyR reduction by 100 mM DTT, but not 10 mM DTT, is 
sufficient to inhibit OxyR activation by the low concentrations of 
oxidants present in our buffer solutions. . ' • 
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Within* the cell, OxyR is only a transcriptional activator for a 
limited time after oxidative stress since pulsc-labcling experiments 
have shown that the induction of ocv A-rcgulatcd genes is predomi- 
nant only during the first 10 minutes after treatment with hydrogen 
peroxide (ft). However, the total levels of OxyR do not decrease 
significantly at any time point after ue at mci n with the oxidant. 
Pulse-chase experiments also showed that the stability of the OxyR 
protein does not change after treatment with hydrogen peroxide 
(15). These , observations suggest that bacterial cells possess a 
mechanism which allows tor the inacrivatkm of OxyR after a defined 
period of time, possibly by re-reduction of OxyR alter die hydrogen 
peroxide is removed by catalasc. 

The nature of die rcdox-acrivc center in OxyR is of interest The 
candidates for this rcdox-acave c enter are limited since the oxidation 
and reduction b readily reversible. Inter- or intra-molecular disulfide 
bonds meet this criterion, but we have never observed significant 
levels of a form of OxyR larger than 34 kD on immunoblots of non- 
reducing SDS gels probed with the OxyR antibody suggesting that 
no intermolecular disulfide bonds are formed (18). In addition, a 
mutant form of OxyR in which five of the six cysteine residues have 
been converted to serine shows wild-type induction of oxyR- 
regulated genes in vivo (IS). It is also unlikely that OxyR is activated 
by the formation of an mtermolecular disulfide bond with a small 
molecule, such as glutathione, since OxyR is activated by gel 
filtration that separates the protein from all small molecules in our 
assays. A cofactor or metal associated with OxyR might also be 
sensitive to oxidation; however, the addition of chelators did not 
effect the ability of OxyR to activate transcription (15). The one 
essential cysteine may also be revcrsibly oxidized to a sulfonic add. 
Alternatively, OxyR may be activated by direct binding of the 
reactive oxygen species. Additional physical studies of OxyR should 
provide insights into how a protein can be oridt7fd in a very specific 
fashion. 

The activities of several metabolic enzymes (27) and one other 
regulator of gene expression, the iron-responsive element (IRE) 
binding protein, have been found to be sensitive to oxidation in 
vitro (28). The IRE binding protein, a regulator of ferritin expres- 
sion in human cells, requires free sulfhydryl groups for binding to 
IREs. This finding suggests that cells sense the presence or absence 
of iron, by modulating the reduction or oxidation of the IRE 
binding protein. It is likely that the activities of other regulators of 
gene expression are modulated by oxidation and reduction. OxyR 
may play a role in protecting the bacterial cell against the oxidative 
burst which is released when the bacterial cells encounter macro- 
phages. Other prokaryotic and eukaryotic regulators may be activat- 
ed by this oxidative burst or by the oxidants associa t ed with 
degenerative diseases. Eye and lung tissue which arc in contact with 
air may provide sources for identifying additional examples of 
redoK-sensitive regulators. Regulators in chioroplasts and mitochon- 
dria, the sites, of electron transport associated with photosynthesis 
and oxidative phosphorylation, may also be sensitive to oxidation or 
reduction, and the redox state of additional regulators may be 
coupled to the presence or absence of metals. Whether oxidation- 
reduction is a general mechanism of regulation remains to be 
determined as additional signal transduction pathways arc character- 
ized. 
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Mutational Analysis of the Redox-Sensitive Transcriptional 
Regulator OxyR: Regions Important for Oxidation 
and Transcriptional Activation 
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OxyR is a redox-sensitive transcriptional regulator of the LysR family which activates the expression of 
genes important for the defense against hydrogen peroxide in Escherichia coti and Salmonella typhimurium. 
OxyR is sensitive to oxidation and reduction, and only oxidized OxyR is able to activate transcription of its 
target genes* Using site-directed mutagenesis, we found that one cysteine residue (C-199) is critical for the 
redox sensitivity or OxyR, and a C-199-*S mutation appears to lock the OxyR protein in the reduced form. We 
also used a random mutagenesis approach to isolate eight consrJtutively active mutants. All of the mutations 
are located in the C-terminal half of the protein, and four of the mutations map near the critical C-199 residue. 
In vivo as well as in vitro transcription experiments showed that the constitutive mutant proteins were able to 
activate transcription under both oxidizing and reducing conditions, and DNase I footprints showed that this 
activation is due to the ability of the mutant proteins to induce cooperative binding of RNA polymerase. 
Unexpectedly, RNA polymerase was also found to reciprocally affect OxyR binding. 



The OxyR protein is a transcriptional activator of genes 
important for the defense against oxidative stress in Esche- 
richia coli and Salmonella typhimurium (14, 37). Upon expo- 
sure to hydrogen peroxide, QxyR induces the expression of 
several genes, including katG (encoding HPI catalase), ahpCF 
(encoding an alkyi hydroperoxide reductase), dps (encoding a 
nonspecific DNA-binding protein), gorA (encoding glutathione 
reductase), and oxyS (encoding a small untranslated, regula- 
tory RNA), and the cells become more resistant to oxidative 
stress (3, 4, 39, 41). During normal growth, OxyR also acts as 
a repressor, negatively autoregulating its own expression and 
the expression of the Mu phage mom gene (6, 14, 38). Here 
and in the accompanying paper (20), we identify regions of the 
OxyR protein critical for activation and repression. 

OxyR is 34 kDa in size and belongs to the LysR-type family 
of transcriptional regulators (6, 14, 37, 43). LysR family mem- 
bers are all DNA-binding proteins which positively regulate 
expression of their target genes, and many of the regulators 
also repress their own expression (reviewed in reference 29). 
The ability of most LysR-type proteins to activate transcription 
is dependent on the presence of a coinducer, such as oct opine 
for the Agrobacterium tumefdeiens OccR protein (42), indole- 
glycerol phosphate for Pseudomonas aeruginosa TrpI (12), TV- 
ace tylserine for E. coli CysB (26), and flavonoids for the NodD 
proteins of different species of Rhizobium (reviewed in refer- 
ence 16). The central region of the LysR-type proteins is as- 
sumed to be involved in coinducer binding, since Rhizobium 
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leguminosarum NodD and Pseudomonas putxda NahR muta- 
tions which caused an altered response to the inducer mapped 
to the central domain (9, 18, 24, 30), and an exchange between 
the central domains of NodD proteins from different Rhizo- 
bium species leads to a different coinducer specificity of the 
resulting hybrid proteins (31). The fact that members of the 
LysR-type family of transcriptional regulators have only little 
homology in this protein region probably reflects the variety of 
coinducers to which these proteins respond. Unlike many of 
the other LysR-type regulators, the GbcyR protein does not 
appear to bind a coinducer but rather is activated by direct 
oxidation. In vitro transcription experiments with purified 
components showed that the oxidized but not the reduced 
form of OxyR was able to activate transcription (35), but the 
redox-active center has not been characterized. 

A transcriptional activator may increase RNA polymerase 
binding, open complex formation, or promoter clearance (re- 
viewed in reference 2). A few studies suggest that LysR-type 
regulators contact the a subunit of RNA polymerase and act to 
increase polymerase binding to the promoter. OxyR binds ad- 
jacent to the -35 sequence of the positively regulated promot- 
ers, and Tao et al. have shown that OxyR acts cooperatively to 
increase RNA polymerase binding to the katG promoter (36). 
Mutations in the a subunit of polymerase, such as a change of 
R-265 to C (R265C), prevented activation by OxyR (36). Sim- 
ilarly, mutations at codon 271 of the a subunit of RNA poly- 
merase prevent activation by the LysR-type regulator CysB 
(40). The domains in OxyR and other LysR family members 
that touch RNA polymerase have not been identified. 

In recent studies on the DNA binding properties of OxyR, 
we found that the reduced and oxidized (activated) forms of 
OxyR require different DNA contacts for binding (41). Oxi- 
dized OxyR binds in four adjacent major grooves, while re- 
duced OxyR contacts two pairs of adjacent major grooves 
separated by one helical turn. The reduced protein has signif- 
icantly reduced affinities for the katG and ahpCF promoters, 
showing that only a subset of the OxyR-regulated promoters 
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cany determinants for the binding f reduced OxyR. The two 
binding modes probably allow OxyR to repress the oxyR and 
mom promoters during normal growth, while activating katG, 
ahpCF, dps* gorA, and oxyS only upon oxidative stress. These 
studies also suggest that the conformations of reduced and 
oxidized OxyR are significantly different 

In the present study, we used site-directed as well as random 
mutagenesis to characterize the domains of the OxyR protein 
required to sense oxidative stress and affect transcription ini- 
tiation. The six possible redox-reactive cysteines in OxyR were 
mutagenized to serine, and a single cysteine (Cys-199) was 
found to be critical for activity. Random mutagenesis revealed 
that a region around this critical cysteine is involved in tran- 
scriptional activation, since several mutations causing the con- 
stitutive phenotype mapped to this region. We were also able 
to show that the ability of mutants to activate transcription 
correlates with their ability to induce RNA polymerase bind- 
ing. Moreover, DNase I footprinting assays demonstrated that 
while OxyR induces polymerase binding, RNA polymerase 
also reciprocally influences OxyR binding. 

, MATERIALS AND METHODS 

Strain* and plumMi, The strains and plasmids used in this study are de- 
scribed in Table 1. Strain CS05 was constructed as follows. The 02-kb /Yindll- 
Ssp\ fragment of pAQ17 (14), carrying the oxyR-axyS promoter region, was 
cloned into the unique Smal site of pTS7 (I) to create the gaUC fusion. The 
ptasmid was then recombined onto X^, (cI857 galKniitS) and integrated into 
the oak site of SA2692 (1). A AaxyRvJum deletion-insertion mutation (3) was 
subsequently moved into the strain by PI transduction. pAQ5 (34) was used for 
the random mutagenesis and is a pACYC184 derivative which carries axyR on a 
BamHl-EcoRV fragment. Since these pACYC184-derived plasmids did not 
prove to be suitable for double-strand sequencing, the SomHI-HirtdHI oxyR 
fragments were subdoned into M13mpl8 for sequencing. For overproduction of 
the mutant OxyR proteins, oxyR was cloned behind the P M promoter of 
pKK177-3 as follows. First, the SspUHindlU fragment of wild-type oxyR in 
pUC18 carrying the modified Shine-Dalgarno sequence (35) was replaced with 
the same fragment of the mutant oxyR genes from pACYCl84. These constructs 
were sequenced, and subsequently the EcoRI Jfindlll fragment was subdoned 
into pKKI 77-3. All sequencing and subdoning were carried out by standard 
procedures. 

Media and growth conditions. Strains were grown in LB medium (25), and 
ampiallin (100 ug/ml [final concentration]), kanamycin (25 jig/ml), chloram- 
phenicol (25 |ig/ml). or tetracydine (15 ug/ml) was added when appropriate. For 
overproduction of the mutant proteins, the cells were grown in TB m edium (28). 
The resistance of strains to hydrogen peroxide and cumcne hydroperoxide was 
assayed by zones of inhibition, which were determined as described previously 
(13) except that the strains were grown in and plated on LB medium containing 
the appropriate antibiotics. 

. Mutagenesis. Site-directed mutagenesis was carried out with an oUgonudeoti- 
de -directed in vitro mutagenesis system (Amersham, Arlington Heights, I1L). 
The base pair substitutions that were introduced arc listed in Tame 2. Random 
mutagenesis with hydraxytamine was carried out with approximately 10 tig of 
purified pAQ5 plasmid DNA as described previously (15). The DNA (20 uJ) was 
mixed with 100 ul of a 0.5 M potassium phosphate-5 mM EDTA solution (pH 
6) and 80 ill of a freshly prepared 1 M hydraxytamine solution (pH 6) and 
incubated for 60 mm at 65*C The samples were diaryzed extensively against 
Tris-EDTA buffer and used directly (5- to 10-uJ aliquots) to transform E coli 
XLl-btue cells. The XLl-blue transformants were rinsed off the plates, and the 
plasmid DNA was re isolated and then used to transform the GS05 recipient 
strain. Finally, the OS03 transformants were screened for the desired phenotype 
on MacConkcy agar plates. 

Protein overaprasloa and purification. For overproduction of the mutant 
OxyR proteins, oxyR deletion strains (TA4484) with the corresponding 
pKlC177-3 derivatives were grown to mid-exponential phase and then induced 
with 250 u£ of IPTG (isopropyi-^-D-thic^alactopyranoside) per ml for 2 h. The 
cells were lysed by several passages through a French pressure cell and the 
insoluble fraction was removed by centrifugatkm. The soluble fraction was then 
applied to a heparin-Sepharosc column (Pharmacia, Piscataway, NJ.). The pu- 
rification procedure was carried out as described previously (35) except that the 
buffer Z contained 50 mM HEPES (^-2-hydroxyptperazine^/'-2-ethancsulfonic 
add) (pH 8), 5 mM MgCI* 0.5 mM EDTA (pH 8), and 10% (vol/vol) glycerol. 
The A233V and EZ25K mutants were eluted with a 0.1 to 0.4 M KCI gradient 
instead of the second wash with buffer Z containing 0.2 M KCI. Both the A233 V 
and E225K mutants eluted at about 0.2 M KCI. Aliquots of the peak fractions 
were analyzed on sodium dodecyt sulfate-129t polyacryiamide gel electrophore- 
sis (SDS-PAGE) gels, using the buffer system of Laemmli (21). The protein 
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TABLE 1. E. coli strains and plasmids 



Strain or Relevant genotype or Reference 

plasmid description or source 



Strains 

XLl-blue F [proAB* hcl* lacZbMlS TtdO 8 
CIV)] 

D1210 HB101/F [lacF] 5 

TA4112 oxyRte 13 

TA4484 oxyRte, pMC7 39 

SA2692 HB101 recA* Mac bgal-165 1 



GS05 SA2692 baxyRvJcan (Xy2os3 oxyS-galK) This study 

Plasmids 

pTS7 pBR322 int P'P; promoterless lacZ and 1 

galETK, Ap r 



pMC7 hen T<f 10 

pACYC184 Cm'Tc* 11 

pKK177-3 P,^ promoter, derivative of pKK223-3, 7 
Ap r 

pAQ5 oxyR wf in pACYC184, Cm', Ap r 34 

pAQ17 axyR wt in pUC12 14 

pAQ25 oxyR wt in pKK177-3 with altered SD* 35 
sequence, Ap r 

pGS08 oxyR C25S in pUCl8 This study 

pGS09 oxyR C143S in pUC18 This study 

pGSOlO oxyR C180S in pUC18 This study 

pGSOll oxyR C208S in pUC18 This study 

pGS012 oxyR C259S in pUC18 This study 

pGS013 oxyR SCSI" in pUC18 This study 

pGS051 oxyR T100I in pACYC184 This study 

pGS052 oxyR H114Y in pACYC184 This study 

pGS053 oxyR H198Y in pACYC184 This study 

pGS054 oxyR H198R in pACYC184 This study 

pGS055 oxyR R201C in pACYC184 This study 

pGS056 oxyR C208Y in pACYC184 This study 

pGS058 oxyR A233V in pACYC184 TTus study 

pGS059 oxyR A233T in pACYC184 This study 

pGSO60 oxyR 0253K in pACYC184 This study 

pGSOft oxyR E225K in pACYC184 20 

pGS067 axyR H198R in pKK177-3 This study 

pGS068 oxyR C199S in pKK177-3 This study 

pGS069 oxyR A233V in pKK177-3 This study 

pGSO70 oxyR E225K in pKKl77-} This study 

pGS071 oxyR S33N in pKK177-3 This study 

pGS072 axyR C199S in pUC18 This study 

pGS073 oxyR C199S in pACYC184 This study 



* wt, wild type. 

* SD, Shine-Dalgarno. 

f cysteine residues 25, 143, 180. 208, and 259 changed to serine. 



concentration in all of the preparations was approximately 0\8 rag/ml, and 
roughly 8 mg of approximately 90% pure OxyR protein was obtained from a 
1-liter cell culture. 

Primer extensJoo assays. Cells were grown to an optical density at 600 nm of 
0.4, and then half of each sample was treated with hydrogen peroxide (200 uM 
final concentration) for 10 min. Total RNA was isolated by using h ot pheno l, and 
0.1 pmol of an end-labeled axyS oligonucleotide (5 ' -OCAAAAGTTCAOGT 
TGG) wis annealed to 3 uj of total RNA as described r^cviousry (33 [short 
protocol]). The extension reaction was performed with Superscript reverse tran- 
scriptase from Gtbco BRL (Gaitbcrsburg, Md.) m the reaction buffer provided. 
The extension products were separated on an 8% sequencing gel and were 
quantitated with a Phambc«Imager (Molecular Dynamics, Sunnyvale, Calif.). 

DNase I footprinting assays. An end-labeled DNA fragment (20,000 cpm) was 
incubated with 1 to 2 uJ of the soluble fraction of a crude cell extract or with 10 
to 100 ng of pure OxyR protein in 25 uJ of 0.5 X TM buffer (39). Aliquots (6 
pmol) of RNA polymerase (Pharmacia) were added to the binding reaction 
mixtures when indicated. The binding reaction mixtures were then treated with 
DNase I as described previously (39). The crude cell rysates were prepared by 
sonicating the pellet of a 5-ml overnight culture in 800 ul of 10 mM Tris buffer 
(pH 8) containing 20% glycerol The soluble fraction was obtained by centrifu- 
gatton. 

In vitro transcription assays. The transcription assays were carried out at 3TC 
as described previously (35). Purified OxyR (5 pmol) was first incubated with 
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TABLE 2. Sensitivities of oxyR cysteine-to-serine 
mutants to oxidants 

Zone(s) of 
inhibition" 



GS05 



OxyR 



oxyR 



Strain 


Codon 
exchange 


(mm) with: 

10% 4% 
H 2 0 2 CHP 


Phenotype* 


Vector (pUC18) 




36 


27 




WQd type 






18 




C25S 


TGC-TCC 


24(29) 


19 


Wild type 


C143S 


TGC-TCC 


24(29) 


18 


Wild type 


C180S 


TGC-TCC 


?*(29) 


18 


Wild type 


C199S 


TGT-»TCT 


40 


26 


Noninducible 


C208S 


TGT-^TCT 


29 


18 


Wild type 


C259S 


TGC-+TCC 


25(31) 


17 


Wild type 


5CS* 




29 


. 17 


Wild type 



* Total diameter of the growth inhibition zone caused by the addition of 
hydrogen peroxide (H2O2) or cumene hy dro pe roxi de (CHP). The values are 
from a representative assay. The numbers in parentheses indicate the size of the 
second zone of partial growth. 

* Phenotype of mutants with respect to their sensitivity to oxidants. 

e In this mutant, cysteine residues 25, 143, 180, 208, and 259 were changed to 
serine. 



pAQ17 (02 )ig) for 10 min, and then RNA polymerase (6 pmol) was added and 
the reaction matures were incubated for another 10 min. After the addition of 
1 ul of a 25 mM nucleoside triphosphate mixture, the reaction mixtures were 
incubated for an additional 5 min, and then the reactions were terminated by 
several phenol extractions. One-third of each sample was analyzed by primer 
extension with end-labeled axyS (5M3CAAAAGTTCACGTTGG) and bta (5'- 
AOGGCGACACGGAAATGTTGAATACTCATA) oligonucleotide primers. 
The primer extension assays were carried out as described above with the ex- 
ceptiotf that after the extension reaction, the samples were treated with 5 u£ of 
RNasc A and subjected to a phenol extraction and ethanol precipitation. 



RESULTS 

Mutagenesis of cysteine residues. Previous studies have 
shown that only oxidized OxyR is able to activate transcription 
(35). To determine whether the cysteine residues in OxyR were 
important for sensing the oxidative stress signal, we changed 
each of the six cysteines to serine by site-directed mutagenesis. 
The mutants were cloned into pUC18 and transformed into 
TA4112, an £. colt strain carrying a chromosomal deletion of 
oxyR. These strains were then assayed for their sensitivities to 
hydrogen peroxide and cumene hydroperoxide by using a 
growth inhibition assay. As seen in Table 2, the C25S, C143S, 
CI 80S, and C259S mutant strains showed the same sensitivity 
as a strain carrying the wild-type oxyR gene. The strains showed 
two distinct zones of inhibition for hydrogen peroxide; the first 
zone corresponded to complete killing, while the second zone 
corresponded to partial growth. The reason for this double 
zone is unclear, but the C208S mutant, although resistant, 
showed only one zone of inhibition for hydrogen peroxide. 
Unlike the C25S, C143S, C180S, C208S, and C259S mutants, 
the C199S mutant strain was as hypersensitive to hydrogen 
peroxide and cumene hydroperoxide as the control strain lack- 
ing oxyR, suggesting that the C199S mutant was unable to 
induce the expression of defense genes. The C199S protein was 
stable and able to specifically bind DNA (see below). There- 
fore, we propose that the C-199 residue is the possible redox 
center and that the C199S mutant is locked in the reduced 
conformation. A mutant in which all cysteine residues except 
C-199 were replaced by serine showed the same resistance as 
the C208S single mutant. 



+ H 2 0 2 



FIG. 1. oxyS-galK transcriptional fusion used to screen for OxyR mutants. 
When binding to the promoter region, OxyR represses its own expression, and 
upon oxidation, it activates axyS transcription. 



Screen fox const! tutively active OxyR mutants. Having iden- 
tified C-199 as a critical amino acid for OxyR activity, we 
wanted to determine what other amino acids were required for 
OxyR to act as an activator. We chose to randomly mutagenize 
the entire oxyR gene and screen for OxyR mutants altered in 
their ability to activate transcription of the oxyS promoter. The 
oxyS gene encodes a small, untranslated regulatory RNA and is 
encoded divergently from the oxyR structural gene (4). The 
oxyR and oxyS promoters overlap, and OxyR bound to its 
site at these promoters acts to both repress oxyR expression 
(under oxidizing and reducing conditions) and activate oxyS 
expression (only under oxidizing conditions). We constructed 
a transcriptional fusion between the axyS promoter and the 
galK reporter gene and integrated this fusion into the chromo- 
some of £- coli SA2692 (Fig. 1). Subsequently, an oxyR deletion 
was moved into the strain by PI transduction, giving rise to 
GS05. Plasmids carrying oxyR were then mutagenized by hy- 
droxylamine in vitro and introduced into the GSOS back- 
ground. 

The abilities of the oxyR mutants to activate oxyS expression 
were monitored on MacConkey agar plates with galactose as a 
carbon source. For reasons that are not understood, wild-type 
OxyR displayed an uninducible or reduced phenotype on the 
MacConkey-galactose medium, even in the presence of hydro- 
gen peroxide. The uninduced phenotype, however, suggested 
the possibility of screening for constitutively active mutants on 
this medium. We screened more than 10* colonies for consti- 
tutively active mutants and identified 20 candidates. The mu- 
tants were tested for their sensitivities to hydrogen peroxide 
and cumene hydroperoxide in a growth inhibition assay, and 18 
of the mutants showed smaller zones than the wild-type strain, 
indicating that they were more resistant to oxidants. Only the 
A233V mutant consistently had the two zones of growth inhi- 
bition seen for some of the cysteine mutants. Unlike the result 
shown in Table 2, only a single zone was observed for the strain 
expressing wild-type OxyR, probably because of differences in 
the strain backgrounds and vectors. 

Mutations map to the C-tenninal part of OxyR* To deter- 
mine the locations and natures of the mutations, the" mutant 
oxyR genes were sequenced entirely. Eight different mutations, 
all causing single amino acid exchanges, were found in the pool 
of 18 resistant candidates (Table 3). The A233T mutation, 
which caused a constitutive phenotype in our random screen, 
affected the same alanine residue mutated (A233V) in the 
original oxyR2 constitutive mutant strain (14), Similarity, two 
different amino acid changes at position H-198 gave rise to a 
constitutive phenotype. 

The positions of the mutations causing the constitutive phe- 
notype are shown on an alignment of OxyR and five other 
members of the LysR family in Fig. 2. The location of the 
noninducible C199S mutation is also indicated in Fig. 2, All of 
the mutations are clustered in three regions in the C-terminal 
two-thirds of the protein, suggesting that these regions are 
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TABLE 3. Sensitivities of constitutively active oxyR 
mutant strains to oxidants 



Zonc(s) of 

inhibition" ', 
Strain °* Jon (mm) with: Phenotype* 



10% 4% 
H 2 O a CHP 



Vector (pACYClW) 




35 


23 




Wild type 




24 


20 




C199S 


TGT-*TCT 


42 


30 


Noninducible 


T100I 


ACA— ATA 


24 


12 


Constitutive 


H114Y 


CAC-*TAC 


21 


14 


Constitutive 


H198Y 


CAC-^TAC 


21 


13 


Constitutive 


H198R 


CAC-#CGC 


23 


14 


Constitutive 


R201C 


CGC—TGC 


23 


16 


Constitutive 


C208Y 


TGT— TAT 


23 


13 


Constitutive 


A233V 


GCA-*GTA 


21 (27) 


13 


Constitutive 


A233T 


GCA-*ACA 


16 


12 


Constitutive 


G253K 


GOG— AAG 


19 


13 


Constitutive 



'Total diameter of the growth inhibition tone caused by the addition of 
hydrogen peroxide (H 2 Ox) or cumene hydroperoxide (CHP). The values are 
averages from two separate assays. The number in parentheses indicates the size 
of the second zone of partial growth. 

6 Pbenotype of mutants with respect to their color on MacConkey agar plates. 

e Tms mutant corresponds to the previously isolated oxyR2 mutant (14). 



involved in sensing oxidative stress and transducing the signal 
to RNA polymerase. One cluster of mutations affects residues 
T-100 and H-114, another cluster is evident around the critical 
cysteine C- 199, and a third is located further downstream at 



positions A-233 and G-253, which are at and near the original 
oxyR2 mutation (A233V). 

Mutants show constitutive axyS transcription in vivo. The 
phenotype f the constitutive mutants n MacConkey agar 
plates suggested that, in contrast to the case for the wild-type 
protein, oxidation was n t required for the constitutive mu- 
tants to activate axyS transcripti n. To assess whether oxida- 
tion would increase the activities of the mutants and to com- 
pare the mutants with the wild-type protein in vivo, we divided 
cultures expressing the different oxyR mutants and treated half 
of each culture with hydrogen peroxide. Total RNA was then 
isolated from both the treated and untreated cells, and the 
levels of the oxyS message were determined by primer exten- 
sion. Unlike the wild-type strain, all of the untreated constitu- 
tive mutants showed oxyS expression (Fig. 3). Only two f the 
mutants (T100I and H114Y) showed a two- to threefold in- 
duction of oxyS expression upon treatment with hydrogen per- 
oxide. Although all of the constitutive mutants were active 
under reducing conditions, the overall level of activity varied 
from 3 to 400% of the wild-type activity. The noninducible 
C199S mutant did not show any activation of axyS. The hydro- 
gen peroxide-indhiced expression of two additional OxyR-reg- 
ulated genes, dps and katG, was also tested for a subset of the 
mutants (H198Y, C199S, and A233V). All of the mutants 
showed the same relative expression seen with the axyS gene, 
suggesting that the individual OxyR mutants had similar effects 
on all target genes (data not shown). 

DNA binding by OxyR constitutive mutants. We assumed 
that OxyR binding to its target promoters is required f r tran- 
scriptional activation. Previous studies had also shown that the 
oxidized and the reduced forms of OxyR have different DNA 
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FIG. 2. Protein sequence alignment of six LysR family members and locations of the OxyR mutations causing a constitutively active phenotype. Residues that are 
identical in four of six sequences are in boldface, the bars mark the hclix-tum-helix motif, and the six cysteine residues in OxyR are underlined. The x denotes the 
noninducible C199S mutant The sequences were obtained from SW1SS-PROT and GenBank (£. coli OxyR (OXYR_ECOU], £. coti CysB [CYSB_ECOUJ, P 

putida NarR [NAHR_PSEPUJ, Rhizobium meliloti NodDl [NODI RH1ME), P. aeruginosa TrpI [TRPI_PSEAE], and A tumefaciau OccR rnPOCCR]). The 

alignment was done with the Genetics Computer Group program PILEUP with default parameters. 



Vol 1^7, 1995 



OxyR REDOX SENSING AND TRANSACTIVATION REGIONS 1279 



2 

! 



H^Oj I — + U- +11- + »C—7II- + 11- + ir= 




FIG. 3. Primer extension assays of oxfS induction in OxyR constitutive mutant strains. Total RNA was isolated from the corresponding £ coli strains, which were 
either untreated (-) or induced with 200 *lM hydrogen peroxide for 10 min (+). A labeled oligonucleotide capable of hybridizing to the axyS transcript was then 
incubated with 3 \ug of total RNA and extended with reverse transcriptase, wt, wild type. 



binding characteristics (35, 41). For example, at the oxyR-oxyS 
promoter, the reduced protein has a DNase I footprint that is 
extended compared with that of the oxidized protein. The 
reduced, but not the oxidized, footprint also shows a strong 
central DNase I-hypersensitive site. Therefore, to further char- 
acterize the mutants, we prepared cell extracts from Aaxyi?:: 
kan strains expressing the wild-type and mutant OxyR proteins 
from pACYC184. We then assayed the extracts for binding to 
an axyR-oxyS promoter fragment If the mutations caused the 
proteins to be locked in the oxidized conformation, we should 
observe the shorter DNase I footprint characteristic of the 
oxidized wild-type protein. Alternatively, if the constitutive 
phenotype was caused only by the abnormal exposure of an 
activation domain, the mutants should bind in the extended 
conformation characteristic of reduced wild-type OxyR. 

Since OxyR present in extracts prepared aerobically in the 
absence of high concentrations of dithiothreitol (DTT) is pre- 
dominantly in the oxidized form (35), the lysate from wild-type 
cells gave rise to a short footprint (Fig. 4A). Among the con- 
stitutive mutants however, only G253K showed the shorter 
footprint Four other constitutive mutants (H198Y, H198R, 
R201C, and C208Y) showed the extended DNase I footprint 
observed with the reduced wild-type protein. The extension 
was seen even when the extracts were treated with 0.2 or 2 mM 
hydrogen peroxide (data not shown). These results suggested 
that the H198Y, H198R, R201C, and C208Y proteins bind in 
the reduced configuration under oxidizing conditions. Re- 
duced wild-type OxyR is not able to bind to the katG smd ahpC 
promoter fragments, since these promoters lack determinants 
for reduced OxyR binding (41), and although H198R consti- 
tutively activates the katG and ahpC genes, we observed that 
the purified mutant protein did not give a footprint at either of 
these promoters (data not shown). However, the binding of 
RNA polymerase was found to alter the binding of H198R to 
the oxyR-oxyS fragment (sec below), and an interaction with 
RNA polymerase may allow the H198R protein to bind to and 
constitutively activate the katG and ahpC promoters. 

Unexpectedly, four constitutive mutants (T100I, H114Y, 
A233 V, and A233T) behaved like E225K, a nonbinding mutant 
(described in reference 20), and did not show a distinct foot- 
print even though equivalent amounts of OxyR protein were 
present in the samples (Fig. 4A and data not shown). Since the 
extracts for both the A233V and A233T mutants caused non- 
specific degradation of the oxyR-oxyS probe, we repeated the 
DNase I footprint experiment with purified A233 V but still did 
not observe a footprint (see below). These binding studies 
demonstrated that T100I. H114Y, A233V, and A233T have 
decreased apparent affinities to DNA. We did detect a weak 



shifted band for all four mutants in a more sensitive gel retar- 
dation assay, revealing some residual DNA binding activity 
which may be sufficient for activation of acyS (data not shown). 
In addition, this weak binding must allow for autorepression by 
the mutant proteins, since none of the constitutively active 
mutants showed elevated levels of OxyR protein by immuno- 
blot assays (data not shown). As shown below, the DNA bind- 
ing affinities of some of the mutants may also be increased by 
the binding of RNA polymerase. ' , 

We also characterized the DNase I footprints of all the 
cysteine mutants created by site-directed mutagenesis (Fig. 
4B). The C25S, C143S, C180S, and C259S mutants showed a 
short footprint, while the C199S and C208S mutants gave an 
extended footprint with the hypersensitive cleavage site seen 
with the reduced wild-type protein. The C208S mutant also 
showed a slightly decreased binding to the DNA compared 
with the wild-type protein and the other C-to-S mutants. 

Transcriptional activation by mutant OxyR proteins in 
vitro. To study some of the different OxyR mutants in vitro, we 
overexpressed and purified the noninducible C199S protein 
and two representative constitutive mutant proteins, H198R 
and A233V (Fig. 5). We also overexpressed and purified two 
nonbinding mutants, S33N and E225K (described in the ac- 
companying paper [20]). We then assayed the abilities of the 
purified wild-type and mutant proteins to activate transcription 
in vitro. Aliquots of the purified proteins were incubated with 
a supercoiled plasmid carrying the oxyS and bla (conferring 
ampicillin resistance) genes together with purified RNA poly- 
merase holoenzyme in a transcription reaction. Subsequently, 
the in vitro-synthesized oxyS and bla transcripts were detected 
by primer extension assays (Fig. 6). A distinct OxyR-dependent 
signal was observed for oxyS with the wild-type protein (Fig. 
6A), since aerobically purified wild-type OxyR is predomi- 
nantly oxidized (35). We did not detect an oxyS transcript with 
C199S, consistent with our observations that this mutant was 
unable to activate transcription in vivo. The constitutive 
H198R mutant was nearly as active as the wild-type protein, 
but the constitutive A233V protein showed significantly less 
activity than either wild-type OxyR or H198R. The low level of 
activity of the A233V mutant in vitro was surprising, since this 
mutant is the strongest activator in vivo. Possibly the A233V 
protein is altered during purification or requires additional 
factors for stabilization (discussed in reference 20). The non- 
binding mutant E225K showed very weak activity, while the 
second nonbinding mutant, S33N, did not show any detectable 
activity. The expression of the control bla gene was unaffected 
by the different OxyR mutants. 

To compare the activities of the wild-type protein and the 
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FIG. 4. DNase I footprints of the OxyR mutants binding to the top strand of the oxyS promoter. The 100-bp EcoRl-Mindlll fragment of pGSO40 (41) labeled at 
theTftfdlll site was incubated with 2 uJ of the soluble fraction of crude cell extracts. (A) Constitutive oxyR mutations carried on pACYCi84; (B) cysteine mutations 
carried on pUC18. The heavy bracket indicates the oxidized shorter footprint of OxyR, the light bracket indicates the reduced extended footprint of OxyR, and the 
arrowhead indicates the hypersensitive cleavage site seen with the extended footprint. The positions of the footprints are labeled with respect to the start of the oxyS 
transcript, and the G/A sequence of the fragment is shown in panel B. wt, wild type. 



constitutive mutant H198R protein under reducing conditions, 
the in vitro transcription assays were also carried out in pres- 
ence of 200 mM DTT (Fig. 6B). For the wild-type protein, the 
activity under reducing conditions dropped to 12% of the ac- 
tivity in the absence of DTT, while for the H198R mutant, the 
activity was only reduced to 48% of the activity in the absence 
of DTT, showing that the H198R protein is less sensitive to 
reducing conditions. These observations agree with our find- 
ings that H198R is active under normal, reducing conditions in 
vivo. 

Cooperative binding between mutant OxyR proteins and 
RNA polymerase. Tao and colleagues have shown that OxyR 
has a cooperative effect on RNA polymerase binding to the 
katG promoter site (36). To test whether the mutant proteins 
affected polymerase binding, we analyzed the DNase I foot- 
print of RNA polymerase binding to the oxyR-oxyS promoter 
fragment in the presence of the purified OxyR mutants (Fig. 
7A). RNA polymerase (03 to 10 pmol) alone did not show a 
footprint at the oxyS promoter (Fig. 7A, lane 2). However, 
when the polymerase was incubated with oxidized wild-type 
OxyR, a clear protection due to polymerase was observed at 
the oxyS promoter (Fig. 7A, lane 4). The uninducible mutant, 
C1991 showed an extended footprint alone (Fig. 7 A, lane 5) 
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F1G. 5. Overcxpression and purification of OxyR mutant proteins. AJiquots 
of uninduced and induced cultures, the soluble fraction of induced cells (de- 
scribed in Materials and Methods), and purified protein fractions (80 to 100 p.g) 
were clectrophoresed on an SDS-12% PAGE gel and stained with Coomassie 
blue. The A233V and E225K proteins showed reduced affinities to the heparin 
and eluted at lower salt concentrations than the wild-type protein, which likely 
accounts for the contaminating protein band in these samples. The mobilities of 
the standard proteins are. indicated to the left of the gel. wt. wild type. 
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FIG. 6. In vitro transcription assays of purified wild-type (wt) and OxyR mutant proteins. The transcription reactions were carried out as described in Materials and 
Methods. The transcripts were then detected with oxyS : and Wa -specific oligonucleotides in a primer extension assay. (A) Assays with the purified wild-type and C199S. , 
H198R, A233V, E225K, and S33N mutant proteins under oxidizing conditions (no DTT); (B) assays with the wild-type and constitutive H198R mutant proteins in the 
absence or presence of 200 mM DTT. , , 



and did not induce RNA polymerase binding (lane 6), consis- 
tent with the lack of transcription activation seen with this 
mutant In contrast, the constitutive H198R mutant, which also 
showed an extended footprint alone (Fig. 7 A, lane 7), had a 
cooperative effect on polymerase binding (lane 8). Interest- 
ing^, the strong DNase I-hypersensitive site detected for 
H198R alone was not seen in the presence of polymerase. The 
A233V constitutive mutant, which did not bind to the DNA 
alone (Fig. 7 A, lane 9), nevertheless stimulated RNA poly- 
merase binding (lane 10), although the binding was weaker 
than that observed with H198R. The nonrepressing mutants 
E225K and S33N (described in the accompanying paper [20]) 
also did not bind to DNA alone (Fig. 7 A, lanes 11 and 13), but 
E22SK could still induce some cooperative binding of RNA 
polymerase (lane 12). These footprints showed that the con- 
stitutive mutants (H198R and A233V), but not the noninduc- 
ible mutant (C199S), had a cooperative effect on RNA poly- 
merase binding to the oxyS promoter. The studies also showed 
that an interaction with RNA polymerase increased the DNA 
binding affinity of the A233V and E225K mutant proteins. 

We examined RNA polymerase binding with wild-type 
OxyR and H198R in the presence of 200 mM DTT (Fig. 7B). 
The wild-type protein did not increase the binding of poly- 
merase under the reducing conditions (Fig. 7B, lane 7), while 
the constitutively active H198R mutant still had a cooperative 
effect on polymerase in the presence of the 200 mM DTT (lane 
11). These observations support the conclusion that H198R is 
constitutively active and that the ability to induce RNA poly- 
merase-promoter binding correlates with the ability to activate 
transcription. 

DISCUSSION 

In this study, we used site-directed and random mutageneses 
to isolate one noninducible and eight constitutively active 
OxyR mutants. Together with the nonbinding mutants de- 



scribed in the accompanying paper (20), these mutants have 
allowed us to define functional domains in the OxyR protein. 

C-199 as a possible redox center. Using site-directed mu- 
tagenesis, we found that only one (C-199) of six cysteine resi- 
dues was critical for the induction of defense genes by OxyR. 
The C199S mutant was unable to activate the antioxidant 
genes and gave rise to an extended footprint characteristic of 
reduced OxyR. Since oxidation is necessary for OxyR to acti- 
vate transcription in vitro, we suggest that C-199 is the redox 
center of the protein and that the C199S protein is locked in 
the reduced conformation. Cysteines are known to be redox- 
reactive amino acids and can form inter- or intramolecular 
disulfide bridges. However, an intramolecular disulfide bridge 
is unlikely to be the redox-active center of OxyR, since only 
C-199 proved to be critical, and the mutant in which all other 
cysteines were mutated to serine' was still active in vivo. We did 
not observe any differences between the wild-type and mutant 
C199S proteins on nonreducing gels which permit the resolu- 
tion of disulfide-linked oligomers (data not shown), suggesting 
that intermolecular disulfide bridges do not constitute the re- 
dox-active center. Redox-active metals are also coordinated by 
cysteine residues. The SoxR protein, a transcriptional activator 
in the bacterial response to superoxide, carries a nonheme iron 
which is likely to be the redox-reactive center of the SoxR 
protein (17). However, we do not think that a metal coordi- 
nated through C-199 is the redox-active center of OxyR, since 
the addition of chelators did not affect transcriptional activa- 
tion of OxyR in vitro (35). Cysteines have been shown to be 
reversibly oxidized to sulfenic (SO*~) or sulfinic (S0 2 ") acid 
and irreversibly oxidized to sulfonic (S0 3 ~) acid. Both a strep- 
tococcal NADH peroxidase and an oxidation product of the 
protease papain have been reported to have a cysteine-sulfenic 
acid (22, 27). Since OxyR is reversibly oxidized and only a 
single cysteine is critical for OxyR activity, we suggest that 
C-199 is oxidized to a sulfenic acid. The mutants described 
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FIG. 7. DNase I footprints of RNA polymerase (RNAP) together with wild-type (wt) and mutant OxyR proteins on the bottom strand of the oxyS promoter 
fragment The 200-bp £eoRI-//mdIU fragment of pGS043 (41) labeled at the £coRI site was incubated with purified RNA polymerase and the purified wild-type and 
OxyR mutant proteins as indicated. (A) Footprinting assays carried out in the absence of DTT; (B) RNA polymerase binding assayed in the absence or presence of 
200 mM DTT. The heavy brackets denote the oxidized footprint of OxyR, the light brackets denote the reduced extended footprint of OxyR, and the dotted lines 
indicate the sequences protected by RNA pQrymerase binding. The positions of the footprints are labeled with respect to the start of the cuyS transcript The upper 
protection by RNA polymerase does not correspond to either the oxyS or axyR promoter and is assumed to be due to nonspecific binding to the end of the fragment 



here will be useful for future biochemical studies of the mod- 
ifications of the cysteine residues in OxyR. 

Constitutive!? active mutants define inducer-responsive and 
activation domains. Using a random mutagenesis approach, 
we isolated eight mutants which constitutively activate tran- 
scription of their target genes during normal growth and show 
increased resistance to oxidants. The corresponding mutations 
can be grouped and map to domains that may be functionally 
conserved among the LysR family members. Two of the amino 
acid substitutions (T100I and H114Y) map to a region (resi- 



dues 98 to 150) that is somewhat conserved among the LysR 
proteins and that has been defined as a coinducer recognition/ 
response domain by mutations in other LysR family members 
(29). Four of the mutations (H198Y, H198R, R201C, and 
C208Y) map within or near a second coinducer recognition/ 
response domain (residues 196 to 206) of the LysR family (29). 
These four mutations are located close to the proposed redox- 
active C-199 residue, consistent with the conclusion that this 
region is the hydrogen peroxide-responsive domain. Finally, 
three of the mutations (A233V, A233T, and G253K) are lo- 
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catcd near a carboxy-terminal region (residues 227 to 253) that 
shows some hom logy between the LysR proteins. Given the 
partial conservation of residues 227 to 253 and residues 98 to 
150, these regions might be inv lved in touching RNA poly- 
merase. Experiments described in the accompanying paper 
also indicate that the C-terminal domain is involved in oli- 
gomerization of OxyR (20). 

It is not clear whether the critical C-199 residue is still 
modified by oxidation in the constitutive mutants. However, 
since the T100I and H114Y mutants still showed a two- to 
threefold increase of activation upon oxidation, these mutants 
should still be redox reactive. Three of the mutations causing a 
constitutivery active phenotype affected histidine residues 
(H114Y, H198Y, and H198R). The crystal structures of the 
streptococcal NADH peroxidase and the oxidized papain (the 
two proteins found to have a sulfenic acid) showed that histi- 
dine residues form hydrogen bonds with the redax-active cys- 
teine (19, 32). If a sulfenic acid proves to be the redox center 
of OxyR, the H-114 and H-198 residues may act to form hy- 
drogen bonds with the sulfenic acid. We suggest that the amino 
acids of the constitutive mutants may more effectively stabilize 
the negatively charged residue and allow the oxidation of 
C-199 during normal growth. Structural studies of OxyR 
should help to elucidate whether the regulator carries a 
sulfenic acid stabilized by histidine residues and give additional 
insights into the domains of OxyR and other LysR family 
proteins. 

Cooperative binding with RNA polymerase. The, overall ac- 
tivities of the constitutive mutants varied from 3 to 400% of the 
wild-type activity in vivo. It was not possible to correlate the 
variations in activity with differences in DNA binding. In fact, 
we were surprised to find that although one constitutive mu- 
tant gave rise to a short oxidized footprint, several constitutive 
mutants showed reduced extended footprints, and some of the 
mutants, showed no footprint at all. The different footprint 
phenotypes were specific to different regions, since both T100I 
and H114Y had decreased binding and all of the mutants with 
substitutions near C-199, including the C208S mutant gener- 
ated by site-directed mutagenesis, gave extended footprints. 
The ability to activate transcription, however, did correlate 
with the abilities of the purified proteins to bind cooperatively 
with RNA polymerase. The uninducible C199S mutant did not 
induce transcription and was unable to stimulate RNA poly- 
merase binding. In contrast, the constitutive H198R mutant, 
which showed the same extended reduced footprint seen for 
C199S in the absence of RNA polymerase, induced polymerase 
binding even in the presence of 200 mM DTT. Another con- 
stitutive mutant, A233V, showed significantly reduced binding 
to DNA alone but also induced polymerase binding. 

RNA polymerase binding to the promoter can be a key step 
in the activation by transcription factors. At some bacterial 
promoters, RNA polymerase is unable to bind in the absence 
of a transcriptional regulator, preventing the titration to these 
promoters when the corresponding genes need not be acti- 
vated. For example, RNA polymerase is unable to bind to the 
promoters of the pho (phosphate) genes in the absence of the 
PhoB activator (23). We propose that the oxidation of the 
wild-type OxyR protein exposes a domain which allows OxyR 
to recruit RNA polymerase and that the constitutive pheno- 
type of our mutants may be due to exposure of this domain 
under both oxidizing and reducing conditions. 

Our results also suggest that while OxyR induces RNA poly- 
merase binding, RNA polymerase has an effect on OxyR. Both 
A233V and E225K did not shown DNase I footprints when 
incubated with the oxyS promoter alone but did bind in the 
presence of RNA polymerase. We propose that the contact 



with polymerase may also cause the H198R mutant to adopt 
the oxidized configurati n, since the DNase I-hypersensitive 
site in the center f the reduced H198R footprint disappears 
upon the interaction with RNA polymerase. An important 
direction for further studies will be to elucidate this reciprocal 
interaction between OxyR and RNX polymerase. 
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OxyR is a LysR-type transcriptional regulator which negatively regulates Its own expression and positively 
regulates the expression of proteins important for the defense against hydrogen peroxide in Eschericha coU and 
SabnontUa typhimurium. Using random mutagenesis, we isolated six nonrepressing OxyR mutants that were 
impaired in DNA binding. Five of the mutations causing the DNA binding defect mapped near the N-tcrminal 
helix-turn-helix motif conserved among the LysR family members, confirming that this region is a DNA 
binding domain in OxyR. The sixth nonrepressing mutant (with E-225 changed to K [E225K]) was found to 
be predominantly dimeric, in contrast to the tetrameric wild-type protein, suggesting that a C-tenninal region 
defined by the E225K mutation is involved in multimerization. 



The Escherichia coli OxyR protein is a redox-sensitrve tran- 
scriptional regulator which activates the expression of antiox- 
idant defense genes under oxidizing conditions. During normal 
growth and upon oxidative stress, OxyR also acts as a repressor 
and negatively autoreguiates its own expression and the ex- 
pression of the Mu phage mom gene (8, 16, 34). OxyR specif- 
ically binds upstream of the promoters it regulates, but the 
seven natural binding sites which have been characterized only 
show limited homology (35). Recent studies of 54 synthetic 
binding sites, however, allowed the definition of an oxidized- 
OxyR binding motif composed of four ATAGxt elements (37). 
OxyR-DNase I footprints are long and cover 45 bp, and hy- 
droxy! radical footprinting and interference assays showed that 
the oxidized OxyR protein binds to the four ATAGxt elements 
by contacting the DNA in four adjacent major grooves (37). 
These footprinting assays also showed that OxyR binding is 
different under oxidizing and reducing conditions (32, 37). 

OxyR is a member of the family of LysR-type transcriptional 
regulators (8, 16, 33, 39). LysR family members are DNA- 
binding proteins which positively regulate expression of their 
target genes and often also negatively regulate their own ex- 
pression (reviewed in reference 28). Sequence comparisons 
among LysR family members have shown that the region en- 
compassing the 66 N-tcrminal amino acids exhibits the greatest 
sequence identity and includes a helix-turn-helix (HTH) motif 
likely to be a DNA binding domain (28). Mutations which map 
to the HTH region lead to a loss of DNA binding by Pseudo- 
monas putida NahR (29), Rhizobium leguminosarum NodD 
(11), and other LysR-type proteins. Parts of the C-tenninal 
domains of LysR-type proteins also seem to contribute to 
DNA binding, since several mutations in this region of P. 
putida NahR (29) and CUrobacter freundii AmpR (6) affect 
DNA binding. 
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Like OxyR, other LysR family members protect unusually 
long regions from DNase I digestion. The long binding sites 
suggest that the LysR proteins may be multimeric, and & coli 
MetR (25), Rhizobium meliloti NodD3 (17), and Klebsiella 
aerogenes Nac (19) have been reported to be dimers, while 
NahR (29), Pseudomonas aeruginosa TrpI (14), and Salmonella 
typhimurium CysB (26) have been found to be tetramers. The 
regions involved in multimerization are not yet well defined; 
however, some of the C-tenninal mutations in NahR and also 
in AmpR are not negative trans dominant, suggesting that they 
might affect a multimerization domain (6, 29). 

In this study, we used random mutagenesis to define regions 
of the OxyR protein involved in DNA binding. We were able 
to show that the proposed HTH motif in OxyR is a DNA 
binding domain, since several mutations in this region led to 
impaired DNA binding of the mutant proteins. Moreover, we 
found that the oxidized and reduced forms of OxyR are pre- 
dominantly tetrameric, while one binding mutant and one con- 
stitutivcly active mutant, described in the accompanying paper 
(21), were dimeric, suggesting that the C-terminal region af- 
fected by these mutations is involved in tetramerization. 



MATERIALS AND METHODS 

Strains and pUsmids. The strains and plasmids used in this study ire de- 
scribed in Table 1. The strain 0SO7 was constructed as follows. The 0.2-kb 
HindH~Sspl fragment of pAQ 1 7 carrying the axyS and oxyR promoter region (16) 
was dotted into the unique Smal site of pTS7 (1) to create the gout fusion. The 
plasmid was then recombincd onto Xyzw (cl$57 galK nin5) and integrated into 
the otfX site of SA2692. A boxyRrJcan feletion-insertion mutation was subse- 
quently moved into the strain by PI transduction (3). The pACYC184 derivative 
pAQ5 used for the mutagenesis contains or/ft on a BomHI-fcoRV fragment 
(31). A BamHl-Hindlll fragment of these clones was moved into M13mpl8 for 
sequencing. All sequencing and subdoning were carried out by standard proce- 
dures. 

Media and growth conditions. Strains were grown to LB medium (27), and 
ampidllin (100 |ig/ml [Anal concentration}), tonamycm (25 uf/ml), chloram- 
phenicol (23 tig/ml), or tetracycline (15 uf/ml) was added when appropriate. The 
resistance of strains to hydrogen peroxide and cumene hydroperoxide was as- 
sayed by zones of inhibition, which were determined as described previously (15) 
except that the strains were grown in and plated on LB medium containing the 
appropriate antibiotics. 

Mutagenesis. Approximately 10 ug of purified pAQ5 plasmid DNA was ran- 
domly mutagenized with hydroxy lamine as described in the accompanying paper 
(21). The mutagenized DNA mixture (5 to 10 uJ) was then used to transform £ 
coli XL 1 -blue cells directly. The transformants were rinsed off the plates, and the 
plasmid DNA was isolated and used to transform the GS07 recipient strain. 
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TABLE 1. £. coti strains and plasmids 



GS07 



Strain or 
plasmid 



Relevant genotype or 
description 



Reference 
or source 



OxyR 



Strains 

XLl-blue F \prcAB+ lacl* lacZLMlS Tn/0 
<TC)] 

D1210 HB101/F [tocf] 

TA4484 cuyflAi, pMC7 

SA2692 HB101 ncA* Mac bgal-165 

GS07 SA2692 toaxyRvJcan (Xyaoss oxy R - 

galK) 

GS027 SA2692 (kyzass oxyR-galK) 

Plasmids 

pTS7 pBR322 int P'P; promotcrless 

lacZ and galETK, Ap r 
pMC7 lacP To* 

pACYC184 Cm r Tc* 
pKK177-3 Pt,,. promoter, derivative of 

pKK223-3,Ap f 
pAQ5 cxyR wt" in pACYClW, Cm r 

' pAQ25 axyR wt in pKK177-3 with altered 

SD* sequence, Ap* 
pGSOol coy/? R4C in pACYC184 

pGS062 ' axyR T31M in pACYCl84 
pGS063 oxy/l L32F in pACYClM 

pGS064 axyR S33N in pACYC184 

pGS065 axyR R50W in pACYC184 

pGS066 ocyrt E225K in pACYC184 

pGS068 axyR C199S in pKK177-3 

pGS069 axy* A233V in pKK177-3 

pGSO70 axyR E225K in pKK177-3 



10 
7 

36 
1 

This study 
This study 
1 

12 
13 
9 

31 
32 

This study 
This study 
This study 
This study 
This study 
This study 
21 
21 
21 



• wt, wild type. 

* SD, Shine-Dalgarno. 



Finally, the GS07 transformants were screened for the desired phenotype on 
MacConkey agar plates. 

Primer extension assays. Cells were grown to an optical density at 600 run of 
0.4, and then half of each sample was treated with hydrogen peroxide (200 |tM 
final concentration) for 10 min. Total RN A was isolated by using hot phenol and 
0.1 pmol of an end-labeled <ayS oligonucleotide (5 ' -GCAAAAGTTCACGT 
TGG) was annealed to 3 « of total RNA as described previously (30 [short 
protocol}). The extension reaction was performed with Superscript reverse tran- 
scriptase from Gibco BRL (Gaithersburg. Md.) in the reaction buffer provided. 
The extension products were separated on an 8% sequencing gel and were 
quantitated with a Phosphorlmager (Molecular Dynamics, Sunnyvale, Calif.). 

ImmunoMot assays. Proteins were separated on a sodium dodecyl sulfate- 
12% poryacryuunide gel electrophoresis gel (22) and transferred to a nitroceUu- 
lose filter by elcctrobkming. The filter was then probed with a 1:10,000 dilution 
of antibodies to an OxyR-B-galactosidase fusion protein (32). Bound antibody 
was visualized with rabbit aniserum by using the enhanced chcmttuminescence 
Western blotting (immiinoblotting) system from Amersham, Arlington Heights, 

m 

DNA binding assays. Binding reactions were carried out as described previ- 
ously with 5,000 cpm of an end-labeled DNA fragment and either 1 to 10 ng of 
pure protein (21) or 1 to 2 uJ of the soluble fraction of a crude cell rysate (36). 
For the mobility shift assays, the binding reaction mixtures were loaded on a 
nondenaruring. low-kmk-strength, 8% poh/aaytamidc gel (5). To prepare the 
crude cell extract, the pellet from a 5-ml overnight culture was sonicated in 800 
uJ of 10 mM Tris buffer (pH 8) containing 20% gryceroL The insoluble fraction 
was then removed by ccntrifugarion- 

Galactokinasc assays. The samples for the galactokinase assays were obtained 
as described previously (2). The assays were carried out as described by Wilson 
and Hogness (40). D-f> l4 qgalactose (55 mO/mmol; 200 a/ml) was obtained 
from Amersham, and the ion-exchange filter paper (DE81) was obtained from 
Whatman (Maidstone, England). 

Gel chromatography. About 1 to 2 mg of pure protein (21) mixed with stan- 
dard proteins (Bio-Rad. Richmond, Calif.) in a 200-uJ volume was applied to a 
Superose 12 gel filtration column (Pharmacia, Piscataway, N J.) equilibrated with 
buffer Z (21) containing 03 M KCI. The proteins were eluted with the same 
buffer Z, and aliquots of the column fractions were analyzed by immunoblots. 



♦ H2O2 



FIG. 1. axyR-galK transcriptional fusion used to screen for OxyR nonrepress- 
ing mutants. OxyR bound to the oxyR-axyS promoter repot, represses its own 
expression under both ™nH«*i«fl and reducing conditions and activates axyS 
transcription upon oxidation. 



RESULTS 

Scrten for nonrepressing OxyR mutants. To characterize 
OxyR domains required for DNA binding, we chose to ran- 
domly mutagenize the entire oxyR gene and screen for mutants 
defective in DNA binding. To easily identity mutants, we con- 
structed a transcriptional fusion between the oxyR promoter 
and the galK reporter gene. When OxyR binds to this site at the 
overlapping axyR and axyS promoters, (Fig. 1), OxyR represses 
the expression of the oxyk gene independent of the oxidative 
state of the protein. Under oxidizing conditions, OxyR also 
acts to induce expression of the divergently transcribed axyS 
gene, which encodes a small, untranslated regulatory RNA (4). 
Since binding of the OxyR protein to the DNA is assumed to 
be required for repression, mutant OxyR proteins which are 
not able to repress axyR expression are likely to be DNA- 
binding mutants. The oxyR-galK fusion was integrated into the 
chromosome of E. coU SA2692, and subsequently a CwxyRvJum 
deletion was moved into the strain by PI transduction to gen- 
erate GS07. Plasmids carrying the oxyR gene were mu- 
tagenized by hydroxylamine in vitro and introduced into this 
background The abilities of the different mutants to repress 
oxyR expression were monitored on MacConkey agar plates 
containing galactose as a carbon source. In GS07, wild-type 
OxyR repressed the expression of the axyR-galK fusion, result- 
ing in white colonies, while mutants tfiat were unable to repress 
this fusion were detected as red colonies. 

More than 10 6 colonies were screened for nonrepressing 
mutants with the axyR-galK fusion strain, and 32 candidates 
were isolated. Since a truncated or unstable form of OxyR 
would also lead to red colonies in GS07, we checked wh ther 
crude extracts of strains harboring the corresponding oxyR 
mutations expressed a full-length OxyR protein. Ten of the 32 
candidates did not show any detectable OxyR protein in an 
immunoblot assay, and one of the candidates expressed a trun- 
cated protein. The other 21 candidates showed a ful l-length 
protein, and the expression of OxyR was elevated approxi- 
mately 50-fold compared with that in the wild-type strain (see 
below), consistent with the observation that these mutants are 
unable to act as repressors of the oxyR promoter. 

The mutants were then tested for their sensitivities to hy- 
drogen peroxide and cumene hydroperoxide in a growth inhi- 
bition assay. All showed a larger killing zone than the wild-type 
strain, indicating that they were more sensitive to the oxidants 
than the wild-type strain (Table 2). Hie increased sensitivity t 
oxidants, and also to peroxides presumed to be in the medium, 
most likely accounts for the impaired ability of the mutant 
strains to form single colonies. As observed for the toaxyRvJcan 
strain, the single colonies grew only near heavy streaks of cells. 

Five nonrepressing mutations map near the HTH motif. T 
determine the locations and natures of the mutations, the 
mutant oxyR genes were sequenced entirely. Six different mu- 
tations, all causing single amino acid changes, were found 
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TABLE 2. Sensitivities of nonrepressing oxyR 
mutant strains to oxidants 



Strain" 



Codon 
exchange 



Zone of inhibition" 
(mm) with: 



10% H 2 02 



4% CHP 



Vector (pACYCl84) 




35 


23 


Wild type 




24 


20 


R4C 


CGT->TGT 


41 


34 


T31M 


ACG->ATG 


41 


26 


L32F 


CTT-^TTT 


33 


25 


S33N 


AGC— »AAC 


43 


33 


R50W 


CGG->TGG 


32 


21 


E225K 


GAA—AAA 


26 


22 



" All mutants had a nonrepressing phenotype with respect to their color on 
MacGonkey agar plates. 

b Total diameter of the zone of inhibition caused by the addition of hydrogen 
peroxide (HjO^ and cumene hydroperoxide (CHP). The values are averages 
from two separate assays. 



among the 21 nonrepressing candidates (Table 2). With one 
exception, all of the nonrepressing mutations were located in 
or Within 15 amino acids of the HTH, motif of the OxyR 
protein presumed to be involved in DNA binding (Fig. 2). The 
region around the HTH motif displays the highest level of 
sequence similarity among LysR-type proteins, and amino acid 
S-33 is one of the most conserved amino acids. We found that 
the mutant with a change of S-33 to N (S33N) had a very severe 
mutant phenotype and was even more sensitive to hydrogen 
peroxide and cumene hydroperoxide than the AaxyRvJcan 
strain. The mutations R4C and R50W also affect strongly con- 



served amino acids. 1 One mutation, E225K, is not located near 
the HTH motif, and the failure of this mutant to repress oxyR 
expression is thought to be due to a defect in multimerization 
of the protein (see below). 

One nonrepressing mutant protein was sequenced even 
though immun blot analysis revealed the protein to be slightly 
smaller than the wild-type OxyR protein. This mutant carried 
an amber mutation at position 283 and was not able to com- 
plement an oxyR deletion strain (data not shown). Since a 
C-terminal deletion of only 22 amino acids resulted in a non- 
repressing phenotype, this region may be important for DNA 
binding and may, contact the DNA, be required for multimer- 
ization, or be crucial for the appropriate folding of the protein. 
A previously described strain expressing OxyR with a deletion 
of only 11 C-terminal amino acids showed a wild-type pheno- 
type in the peroxide sensitivity assay, suggesting that this trun- 
cated protein is still able to bind DNA (data not shown) (16). 

Nonrepressing mutants show decreased expression of de- 
fense genes. The ability of OxyR to bind DNA was assumed to 
be required for both repression and activation of transcription. 
Since all of the nonrepressing mutants exhibited increased 
sensitivity to oxidants, we examined whether the. mutant pro- 
teins were impaired in activating transcription of defense genes 
in vivo and whether the activity of the mutants would still be 
affected by oxidatioh. Total RNA was isolated from untreated 
and hydrogen peroxide-treated cultures of strains expressing 
the different nonrepressing mutants. The levels of the OxyR- 
activated oxyS message were then determined by primer exten- 
sion assays (Fig. 3). As expected, some of the mutants (T31M, 
S33N, and R50W) showed no activation of cayS. Three mu- 
tants (R4Q L32F, and E225K), however, could still activate 
transcription under oxidizing conditions, although the abilities 
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Kahft 

VorfDl 
Occ* 
TrpI 



VStHMtOGSPTDIADAVSX 
VSfXUrLOOOTH. EUJtMDVD. 



, roX*nALKUrU>LVHL#CYtaiVRAJ 

. lAmLMixifGr raiuaa*HYtfci«MaOT 

nTiTmrnifTKnrnrTrTitwivr^ortTnit Niwi iii i iiiiwjHWB^iM»ii»rivi^i i iiihmwiiiii mur uiiiuaiuiMmja 

IGXJUGFQAOGrLIBTML. .PAVV^VPMOHKLACU)aVTVOi)XAOSKIXaX)KT4KU7Ua(VCV.AX. .OSXOJtWSItVSLSHTALai^llBaMXM 
I . fAEr PWPAOHQVT ELASlfiMGPVLSPRLAQX . TGLSOAPAAJOLQKPLU1 . . . . TASWQJWf • A*A*0*lJU«M* YQOaiXHLYYIXEAAVA . «. 



OxyR LFAIAVPPDUCRDGV VYLPCIKFtF. . . RATI GLVxAPGSPiaS Mf EOLXZAZlUUUCXSHrDXVUCOAV 

CyaB IAWOWDPVADPD.l. .. .VFVWUTOirs. . .HSTTMCT^^ 
K*hR VFiaXAi)CCVEFrcUAI^HPVVXJElAX»CFWHAJ(Y^ 

«odDi LFXJUviOTEOTiFMxvTspimjTTttiOTAi^ 

OCCR IDPAAAZZTTDaiVXAPrairXDAOrLCV. . . RSAXGA. . . PSTXVDMTTZTinirKDOLMlQUGLJtE 
TrpI GVAXAFSPLVRDD LAAAPGGF. . . WCTItTOAWAUWARUiDPIWCIUAOWLRIQLAC 

FIG. 2. Protein sequence alignment of six LysR family members and locations of the OxyR mutations causing a nonrepressing phenotype. Residues that are identical 
in four of six sequences are in bold-face, and the bars mark the region of the HTH motif. The sequences were obtained from SWISS-PROT and GcnB&nk (£. coti OxyR 

(OXYR__ECOLI), £. coii CysB |CYSB_ECOU], P. putida NarR [NAHR_PSEPU]. R. melitoti NodDl (NODI RHIME], P. aeruginosa TrpI (TRPl_PSEAE|, and 

Affobacterium lumefaciens OccR fTTPOCCR]). The alignment was done with the Genetics Computer Group program PILE UP with default parameters. 
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FIG 3 Primer extension assays of axyS induction in nonrepressing OxyR 
mutants. Exponential-phase cultures expressing the indicated OxyR mutants 
were splitTand half of each culture was treated with 200 u-M hydrogen peroxide 
for lO min. Total RNA was then isolated from the treated (+) and untreated (-) 
cells, and a labeled oligonucleotide capable of hybridizing to the axyS transcript 
was incubated with 3 ug of each RNA sample and extended with reverse tran- 
scriptase, wt, wild type. 



of these mutants to induce axyS expression were reduced to 5 
to 15% of the wild-type activity. The S33N mutant was also 
assayed for its effect on the expression of the OxyR-regulated 
ahpC and dps genes, but as with axyS, no transcriptional acti- 
vation was detected (data not shown). 

DNA binding by nonrepressing mutants. We next examined 
the DNA binding properties of the nonrepressing mutants by 
DNase I footprinting and DNA mobility shift assays. Extracts 
from strains carrying a chromosomal deletion of axyR m<l 
either the wild-type or the mutant axyR genes on pACYC184 
were assayed for binding to an oxyR-oxyS promoter fragment. 
No DNase I footprint was observed for the nonrepressing 
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FIG 4 (A) Gel retardation assay of nonrepressing OxyR mutants binding to 
the anR-awS promoters. Equal aliquots (1 ul) of the r extracts 
lith a I00*p £coRI-//mdIH fragment of pGSO40 (37) labeled at the WmdlU 
site The bound and unbound fragments were then separated on a ^-'cmic- 
strength polyacryiamide gel. The filled and stippled arrows indicate two differen 
orotein-DNA complexes formed. (B) lmmunoblot of the extra** used m the gel 
retardation assay. Equal aliquots of the crude extracts were loaded in each lane, 
wt. wild type. 



FIG 5. Gel retardation assay of purified wild-type (wt) and A233V and 
E225K mutant proteins, binding to the oxyR-oxyS promoter. ^» nAno f^f^ 
the purified wUd-type prdtein and 800 ng of the purified A233V and E225K 
mutant proteins were assayed. The filled and stippled arrows indicate the two 
different protein-DNA complexes observed. 



mutants (Fig. 4 in reference 21 and data not shown). However, 
when DNA binding was assayed in a more sensitive gel retar- 
dation experiment, two of the mutants (L32F and E225K) 
showed a retarded band (Fig. 4A). The immunoblot m Fi* 4B 
shows that a full-length, OxyR protein was present in all of the 
mutant extracts but that the mutant strains expressed higher 
levels of OxyR protein than the wild-type strain, in agreement 
with the nonrepressing phenotype of the mutants. Since equal 
amounts of total protein were assayed for ail of the strains and 
the wild-type strain expressed significantly lower levels of 
OxyR, the relative binding affinity of the nonrepressing mu- 
tants is even lower than indicated by the intensity of the shifted 
band. The weak binding observed with mutants L32F and 
E225K correlates well with the weak transcriptional activity 
seen for these mutants in vivo. Only mutant R4C did not show 
any detectable binding to DNA but could slightly activate oxyS 
expression. „ 

Interestingly, the E225K mutant led to a faster-migrating 
protein-DNA complex than the wild-type strain and mutant 
L32F. We had observed a similar faster-migrating complex in 
gel retardation experiments with extracts of a strain expressing 
the constitutively active A233V mutant described in the ac- 
companying paper (21). To study the E225K and A233V pro- 
teins in vitro, the nonrepressing and constitutive^ active mu- 
tants were overexpressed and purified (21). When the gel 
retardation experiment was repeated with the pure proteins, it 
was obvious that both mutants showed protein-DNA com- 
plexes which had identical mobilities but migrated faster than 
the wild-type OxyR-DNA complex (Fig. 5). Both mutants also 
had significantly lower apparent affinities to the DNA than the 
wild-type protein, since a much larger amount of the pr tein 
(about 100-fold) was needed to obtain a visible retarded band. 
The increased mobility of the mutant protein-DNA complexes 
was not a function of the elevated protein concentrations 
needed to see binding, since the mobility of the wild-type 
OxyR-DNA complex was not altered by higher concentrations 
of wild-type protein (data not shown). 

Oligomerization states of wild-type OxyR and A233V, 
E225K, and C199S mutants. Since the altered mobility ob- 
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TABLE 3. Galactokinase activities of oxyR* wild-type (GS027) and" 
haxyRvMan deletion (GS07) strains encoding an oxyR-gaJK fusion 
and carrying the nonrepressing mutants on pACYC184 



Protein 


£o/K activity (liy* 


Fold 


oxyR* strain 


AaxyRiJcan strain 


derepression* 


Vector 


0.8 z 0.4 


6.9 ± 1.6 


1 


Wild type 


0.6 + 0.1 


0.5 £0.5 


0.8 


R4C 


5.7 ± 1.7 


5.7 £ 1.0 


7.1 


T31M 


6.9 * 0.4 


6.8 £ 0.7 


8.6 


L32F 


43 ± 1.1 


5.7 £ 0.1 


5.4 


S33N 


5.2 ± 1.7 


5.7 £ 0.2 


6.5 


R50W 


4,1 ± 1.5 


7.8 £ 1.2. 


5.1 


E225K 


' 1.1 £ 0.8 


3.5 £ 0.2 


1.4 



* The units of galactokinasc activity were calculated as described previously 
(40). The average from two separate assays is given with the standard deviation. 

* The fold derepression was calculated by dividing the units otgalK activity in 
the oxyR* strains carrying the oxyR mutants by the units of activity in the oxyR* 
strain carrying the vector (0.8 U). 
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FIG. 6. Gel filtration analysis of wild-type (wt) OxyR and A233V, E225K, 
and C199S mutants. The purified proteins were run on a Superose 12 column, 
and the fractions were analyzed by immunoblots. The numbers denote the 
fraction numbers. The elution positions of the peak fractions for the standard 
proteins gamma globulin (158 kDa), bovine serum albumin (67 kDa), and 
ovalbumin (44 kDa) are indicated by the arrows. 



served with the A233K and E225K protein-DNA complexes 
could be due to a difference in oligomerization, we examined 
the properties of the purified wild-type and A233V and E225K 
mutant proteins on a gel filtration column. Previous cross- 
linking experiments suggested that OxyR is a dimer in solution 
(35); however, several observations about the OxyR binding 
sites, such as the twofold dyad symmetry- of the OxyR binding 
motif and the contacts made by OxyR in four adjacent major 
grooves, suggested that OxyR may act as a tetramer (37). The 
purified wild-type, A233V, and E225K mutant proteins were 
loaded on a Superose 12 gel filtration column, and the frac- 
tions were analyzed by immunoblots (Fig. 6). The wild-type 
protein eluted predominantly in fractions 28 to 30, with a peak 
between fractions 28 and 29. Assuming a globular conforma- 
tion, this elution profile could correspond to a tetramer of the 
34.4-kDa OxyR protein (137.6 kDa). The A233V and E225K 
mutant proteins eluted in fractions 29 to 31 with a peak at 
fraction 30, coinciding with the peak for the 67-kDa standard 
protein and suggesting that the A233V and E225K proteins are 



dimers (68.8 kDa). These data are consistent with the obser- 
vation that the A233V and E225K mutants led to a faster- 
migrating protein-DNA complex in the gel retardation assay 
and may bind to. DNA as dimers. 

Since wild-type OxyR purified in the absence of reducing 
agents is oxidized, we also examined the size of the wild-type 
protein when the sizing column was loaded and eluted in the 
presence of 100 mM dithiothreitol. The elution profile ob- 
served under reducing conditions was almost identical to the ■ 
profile seen in the absence of dithiothreitol (data not shown). 
We also examined the size of the noninducible C199S mutant, 
which appears to be locked in the reduced conformation (21). 
The C199S protein eluted over a greater range of fractions 
than the wild-type protein, but much of the protein appears to 
be tetrameric. Therefore, since both oxidized and reduced 
wild-type OxyR can be described as tetramers and both the 
tetrameric wild-type protein and the dimeric E225K mutant 
are sensitive to oxidation, our results suggest that oxidation of 
the OxyR protein does not influence multimerization. 

trans dominance of nonrepressing mutants* Having ob- 
served that OxyR is oligomeric, we tested whether the nonre- 
pressing mutant proteins exhibit a negative fwu-dominant 
phenotype and could inhibit the activity of the wild-type pro- 
tein by forming inactive heteromultimers in vivo. We therefore 
transformed the plasmids encoding the nonrepressing mutants 
into a wild-type oxyR strain carrying the oxyR-galK fusion 
(GS027) and compared the levels of gaUC expression with that 
in the original AaxyRvJcan deletion (GS07) background. As 
seen during the mutant screen, the vector-control strain and all 
of the nonrepressing mutants gave rise to red colonies in the 
haxyRvJcan background. In the oxyR'*' background, the vector- 
control strain gave white colonies since the chromosomalry 
encoded OxyR protein could repress the oxyR-galK fusion. In 
contrast, the colonies for the R4C, T31M, L32F, S33N, and 
R50W mutants were red, showing that the chromosomalry 
encoded wild-type protein could not repress the fusion in the 
presence of these mutants. The colonies for the oxyR* strain 
carrying E225K, however, were white, suggesting that the wild- 
type protein can still act as a repressor in the presence of this 
mutant. 

We then assayed the levels of galactokinase activity in the 
oxyR* and AoxyRiJcan strains in a quantitative assay (fable 3). 
In the AoxyRvJcan deletion background, as expected, all of the 
mutants had levels of galactokinase activity comparable to (hat 
of the vector-control strain. In the oxyR"" background, all mu- 
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tants except E225K had elevated levels of galact kinase activ- 
ity and showed a nonrepressing phenotype. Therefore, the 
R4C, T31M, L32F, S33N, and R50W mutants are trans dom- 
inant and are able to "poison" the wild-type activity. .The 
wild-type protein could still repress oxyR expression in the 
E225K mutant strain, suggesting that no mixed, inactive mul- 
timers are formed with E225K and revealing that this mutant 
is not trans dominant. This observation is consistent with bur 
conclusion that the E225K mutation affects the multimeriza- 
tion of OxyR. 

DISCUSSION 

OxyR is a specifk-DNA-binding protein which is able to 
activate as well as repress transcription of specific target genes. 
Here we used random mutagenesis to define regions of OxyR 
involved in DNA binding. We screened for mutants unable to 
repress an oxyR-galK fusion and identified six mutants which 
had elevated levels of oxyR-galK expression and exhibited de- 
creased DNA binding in mobility shift and DNase I footprint- 
ing assays. The decreased-binding mutants also showed in- 
creased sensitivity to oxidants and decreased expression of the 
OxyR-activatea' oxyS gene in vivo, showing that OxyR-DNA 
binding is required for both activation and repression of the 
target genes. 

The HTH motif represents a DNA binding domain of OxyR. 
Five of the six mutations (R4C, T31M, L32F, S33N, and 
R50W) mapped within or near the HTH motif which is con- 
served among the LysR family members. The decreased-bind- 
ing phenotype of the nonrepressing mutants is consistent with 
the conclusion that the HTH region (residues 6 to 66) corre- 
sponds to the DNA binding domain in the LysR-type proteins 
(28). The R4Q S33N, and R50W mutations in OxyR affect 
amino acids that show a high degree of conservation among the 
LysR family members. Since many LysR family members bind 
to sequences that contain the very generic T-N{,-A motif (18), 
we propose that some of the highly conserved ammo acids 
contact these conserved base pairs, while contacts by less 
highly conserved amino acids in the HTH domain provide 
specificity for the individual regulators. Future cross-linking 
experiments between the LysR-type proteins and the corre- 
sponding binding sites could test this hypothesis. 

For OxyR, a region near the C terminus may also be critical 
for binding, since a protein with 22 amino acids truncated was 
not able to repress OxyR expression. A deletion of the C- 
terminal eight amino acids of the NahR protein also results in 
a loss of DNA binding (29). In contrast, the MetR protein 
tolerates substantial Oterminal deletions (38), suggesting that 
the C terminus is critical for DNA binding by only a subclass of 
LysR family members. 

A C-Urminal region of OxyR involved in tetramerization. 
One mutation (E225K) causing the nonrepressing phenotype 
did not map to the HTH motif but still caused decreased DNA 
binding. Since both the nonrepressing E225K mutant and the 
constitutfvely active A233V mutant led to faster-migrating pro- 
tein-DNA complexes than wild-type OxyR in a gel retardation 
assay we examined the sizes of these mutant proteins on gel 
filtration columns. While the oxidized wild-type OxyR protein 
was primarily tetrameric in solution, the E225K and A233V 
mutants appeared to be dimeric. This observation indicates 
that the E225K and A233V mutants are defective in multi- 
merization and that the amino acids around positions 225 to 
233 are directly or indirectly involved in tetramerization. Con- 
sistent with this interpretation, we found that the E225K mu- 
tant, unlike the other nonrepressing mutants, was not trans 
dominant. 



The purified E225K and A233V mutants are similar in their 
abilities to bind DNA and induce expression f oxyS in vitro 
(21); however, several in viv characteristics of these mutants 
are distinct. Both mutant proteins show weak binding in vitro, 
but E225K does n t repress oxyR expression in viv , while 
A233V is an efficient repressor. The E225K protein was also 
only a weak activator f oxyS expressi n under oxidizing con- 
ditions in vivo, while the A233V mutant was an extremely 
strong constitutive activator. Since the purified A233V protein 
had only a weak activity in vitro compared with its strong 
activation activity in vivo, it is likely that the A233V protein is 
modified during purification. Possibly some unknown condi- 
tions or factors present in intact cells act to stabilize the A233V 
mutant . . 

Our observation that the oxidized wild-type OxyR protein is 
a tetramer is consistent with the previous finding that the OxyR 
protein binds to four adjacent major grooves of the DNA helix 
(37) The twofold dyad symmetry of the OxyR binding m tif 
(ATAGxtxxxaotCTATxxxxxxxATAGxtxxxaxCTAT) suggests 
that the, tetrameric OxyR protein may exist as a dim r of 
dimers (37). This would imply the presence of two multimer- 
ization domains in OxyR, one involved in dimcrization and the 
other required for' the tetramerization of two dimers. The 
E225K and A233V mutations could conceivably affect either 
the dimerization domain (resulting in dimers via the tetramer- 
ization domain) or the tetramerization domain (resulting in 
dimers via the dimerization domain). We cannot unambigu- 
ously distinguish between these possiblities, but we proteose 
that the two OxyR mutations affect a putative tetramerizati n 
domain, since the C terminus seems to be dispensible f r 
dimeric but not tetrameric LysR feunily members. We did not 
identify any mutations affecting the second multimerizati n 
domain. Possibly these mutations lead to an unstable form of 
the protein, or alternatively, the mutants are still trans domi- 
nant. 

The NahR, TrpI, and CysB members of the LysR family 
have also been shown to be tetramers in solution (14, 26, 29), 
while other LysR proteins, such as MetR, NodD3, and Nac, 
appear to be dimers (17, 19, 25). The CysB protein has also 
recently been shown to bind DNA as a tetramer (20). It is 
interesting that for OxyR and possibly for other tetrameric 
LysR family members, the C-terminal domain is critical for 
DNA binding and the protein binds to approximately 45 bp. In 
contrast, for dimeric MetR, the C terminus seems to be dis- 
pensable for DNA binding and the protein binds to approxi- 
mately 25 bp (reference 24 and references therein; 38). These 
differences suggest that there may be at least two different 
classes of LysR proteins, those which are able to bind and 
activate as dimers and others which are able to function only as 
tetramers. , 

The finding that OxyR exists as a multimer raises the possi- 
bility that the oligomerization state of OxyR might be regu- 
lated as a function of oxidation and reduction, similar to the 
case for the oxygen-sensitive transcriptional regulator FNR 
(23). We do not favor this mechanism for regulating the activ- 
ity of OxyR, since the elution profile of wild-type OxyR under 
reducing conditions (data not shown) is identical to the elution 
profile of the oxidized protein. The inactive C199S mutant, 
which appears to be locked in the reduced state (21) and shows 
a protein-DNA shift similar to that with the oxidized wild-type 
protein (data not shown), can also be described as a tetramer. 
In addition, the dimeric A233V mutant is constitutively active, 
and the dimeric E225K protein is still responsive to hydr gen 
peroxide in vivo. Future studies of how the OxyR subunits are 
arranged, how the subunit contacts are changed upon oxida- 
tion, and how many subunits need to be oxidized in order to 
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induce transcripti n sh uld give further insights into how the 
OxyR protein is activated by oxidation. 
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SUMMARY 

Antigen 43 (Ag43) is a prominent hetero-oligomeric protein complex in the outer 
membrane of Escherichia coli. It is composed of two subunits. a 43 (M r 60, 000) and p 43 
(A/ r 53, 000) in 1:1 stoichiometry. a 43 is surface expressed, extends beyond the O-side 
chains of smooth lipopolysaccharide and is bound to the cell surface through an interac- 
tion with p 43 , itself an integral outer membrane protein, a 43 shows limited sequence ho- 
mology with some enterobacterial adhesins. Expression of Ag43 is subject to reversible 
phase variation, the rates of variation from the Ag43+ve to Ag43-ve states in liquid mini- 
mal medium being -2.2 x 10"\ the corresponding rates from Ag43-ve to Ag43+ve states 
being -1 x I0~ 3 . Phase switching of genes encoding Ag43 are transcriptionally regulated 
by DNA methylation (deoxyadenosine methylase [dam] mutants being "locked OFF 1 ) and 
by OxyR (oxyR mutants being "locked ON"). It is proposed that OxyR acts as a repressor 
of Ag43 transcription by binding to unmethylated GATC sites in the regulatory region of 
the gene. Sequencing and mapping has identified Ag43 as the likely product of the metas- 
tabley7u gene first described in 1980 by Diderichsen and responsible for colony form vari- 
ation in £. coli. 



INTRODUCTION 

A number of years ago, workers in this laboratory identified a prominent new pro- 
tein antigen (termed Ag43) in the outer membrane of Escherichia coli. An Escherichia- 
specific antigen found in almost all E. coli strains, Ag43 is composed of two chemically 
and immunologically distinct protein subunits (termed a 43 and p 43 ) present in 1:1 
stoichiometry i.e. (a 43 : p 43 ) r . The a 43 subunit has an apparent M r of 60, 000. The other 
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subunit is heat modifiable in a manner similar to that of several other outer membrane pro- 
teins (notably OmpA), and migrates with apparent M r s of 37, 000 (P*) if heated to tem- 
peratures of 70°C or below prior to sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) and 53, 000 (P) if heated at higher temperatures. The a 43 and 
p 43 polypeptides are not linked by disulphide bonds, contain no detectable carbohydrate, 
identifiable cofactors, acyl groups or enzyme activity (Owen, 1986; Owen et ah, 1987). 

The fact that the two subunits form a complex in situ is supported by (a), reconstitu- 
tion experiments in which an a 43 : p 43 complex can be reformed from mixtures containing 
purified a 43 and a 43 -stripped membranes bearing only the p 43 subunit (Caffrey and Owen, 
19$9; Owen et al., 1987); (b) the detection by SDS-PAGE and Western immunoblotting of 
a relatively unstable a43: p 43 complex (A/ 1 10, 000 - 120, 000) capable of dissociating to 
give a 43 and p 43 monomers (Caffrey, 1988; Meehan, 1994); and (c) cross-linking experi- 
ments, performed using the homobifunctional reagents dimethylsuberimidate and dithio- 
to(succinimidylproprionate), which clearly demonstrate the presence of a 43 -a 43 , and 
a 43 -P 43 interactions. There is also strong evidence from cross-linking experiments that 
Ag43 is in close proximity to the ferric-enterochelin receptor, FepA (Meehan, 1994; Mee- 
han et al., 1992; Owen, 1992). , 

Careful fractionation experiments reveal that Ag43 is located exclusively in the 
outer membrane (Owen, 1985; Owen et al., 1987). Comprehensive progressive immu- 
noadsorption experiments, immunofluorescence studies, limited proteolysis and immuno- 
gold labelling experiments performed on thin sections of £. coli (Caffrey, 1988; Meehan, 
1994; Meehan et al., 1992; Owen, 1983; Owen, 1992; Owen et al., 1987), together 
strongly support a working model in which the a 43 subunit is a peripheral protein ex- 
pressed on the surface of the outer membrane and anchored to it by virtue of specific in- 
teractions with P 4 \ such protein-protein interactions effectively protecting the C-terminus 
of a 43 from proteolysis, a 43 penetrates the O-antigen side chains of smooth lipopolysac- 
chartde (S-LPS) and is a major surface antigen. p 4 \ an integral membrane protein resides 
closer to the membrane surface, its determinants only becoming unmasked in strains bear- 
ing truncated rough (R)-LPS molecules. 

Ag43 shows some properties in common with fimbriae. The a 43 (but not the p 43 ) 
subunit can be selectively and almost quantitatively released from £. coli outer mem- 
branes by brief heating to 60°C, thereby providing an effective means of purification (Caf- 
frey and Owen, 1989). Furthermore, the N-terminal amino acid sequence of a 43 contains a 
stretch of six residues (TVNGGT) which is also present in the N-termini of the major 
subunits of several enterobacterial fimbriae (Fig. 1) (Caffrey and Owen, 1989; Owen et 
al., 1991). Of additional interest is the observation that V8 proteolytic cleavage of dena- 
tured a 43 generates, amongst other species, three low-A/ r peptides with distinct N-terminal 
amino acid sequences, each showing about 50% homology with internal sequences within 
AIDA-I (Henderson et al., 1994, 19955), an outer membrane protein adhesin of diffuse ad- 
hering £. coli (Benz and Schmidt, 1992). However, electron microscopic studies of nega- 
tively stained preparations of cells, purified outer membranes, free a 43 or 
immunoprecipitated Ag43, and deep etching of whole cells has not revealed any morpho- 
logical features recognisable as fimbriae or, indeed, any other regular repeating structures 
such as S-layers (Caffrey, 1988; Meehan, 1994; Owen et al., 1987; Owen et al., 1991). It 
should be noted, perhaps, that some such structures have proved exceptionally difficult to 
visualise in the electron microscope. Therefore, more sophisticated methodology may be 
required in order to appreciate the organisation assumed by Ag43 on the cell surface. 
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Figure 1. Comparison of the revised N-terminal sequence of a 4> with the N-termini of various fimbriai subunits 
(data from CafTrey and Owen, 1 989; Henderson et al., 1 995 and GenBank Database). Amino acids are given in the 
standard single letter code. Identical amino acid residues are boxed. 



AG43 UNDERGOES PHASE VARIATION 

Ag43 can be shown to undergo reversible phase variation (Caffrey and Owen, 
1989). Thus, Ag43+ve and Ag43-ve variants can be distinguished readily by colony im- 
munoblotting using anti-Ag43 or subunit-specific antisera. Furthermore, SDS-PAGE 
analysis of outer membranes confirms the dramatically decreased levels of both a 43 and 
0 43 subunits in Ag43-ve variants. 

Immunofluorescence experiments conducted with specific anti-ct 41 or anti-Ag43 sera 
confirm that 80-90% of cells derived from Ag43+ve colonies express Ag43 on their sur- 
face, whereas the remaining 10-20% are switched off for expression of Ag43. Conversely, 
only a minority (1-5%) of cells derived from Ag43-ve colonies express Ag43. Screening 
of progeny derived from both positive and negative variants grown in succinate minimal 
media indicates that the rates of phase variation from Ag43+ve to Ag43-ve states and 
from Ag43-ve to Ag43+ve states approximates to 2.2 x 10~ 3 and 1 x 10*\ respectively. 
Growth in rich media or at low temperature (24°C) causes a decrease in Ag43 expression. 
However, growth on glucose, in high osmolarity or in the presence of high or low Fe 2+ 
does not dramatically affect either switching frequency or levels of expression (Meehan, 
1994; Meehan etal., 1991). 



REGULATION OF AG43 EXPRESSION 

In bacteria, phase variation is generally controlled at two levels viz., at a local level 
by regulatory proteins encoded by the specific operon in question and, at a higher level, 
by global regulators, often DNA-binding proteins (Dorman, 1994). In an attempt to under- 
stand the regulation of Ag43 expression, a panel of well defined regulatory mutants (Irp, 
crp, cya, recA, hns. gyrA, hul, hu2, topA, rpoS.fis, and himA) were examined by colony 
and Western immunoblotting and by immunofluorescence microscopy. All showed levels 
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and patterns of expression of Ag43 analogous to the wild type. Nor did the addition of 
leucine or alanine to the growth medium affect Ag43 expression in wild-type strains (the 
same amino acids caused a 32-16 fold reduction in K99 expression in £. coli 09 K[A]). 
This observation further serves to eliminate a role for Lrp in the regulation of Ag43. Nota- 
bly, however, deoxyadenosine methylase (Dam) mutants of E. coli and transductants car- 
rying the dam mutation totally lack Ag43 as judged by colony and Western 
immunoblotting and by immunofluorescence microscopy, i.e. all cells are "locked OFF-' 
for Ag43 expression (Henderson et al., 1995; Henderson and Owen, 1994; Meehan, 1994). 
It should be recalled that Dam usually methylates the N6 position of adenine at all GATC 
sited in £. coli. The presence of unmethylated sites, particularly during replication, can be 
used by certain cellular processes in regulation (Messer and Noyer-weider, 1988). An ex- 
ample is the Pap operon (encoding P-fimbriae) in which Lrp competes with Dam for un- 
methylated GATC sites (Van der Woude et al., 1 992). 

OxyR mutants and transductants carrying oxyR mutations also show no evidence of 
phase switch. However, in contradistinction to dam mutants, oxyR mutants are firmly 
"locked ON" for Ag43 expression as judged by immunofluorescence microscopy and by 
Western and colony immunoblotting (Henderson et al., 1995). OxyR is a LysR-type tran- 
scriptional activator known to regulate expression of proteins important in oxidative 
stress. In these situations, OxyR is thought to actively bind RNA polymerase. There is at 
least one known example of OxyR acting as a transcriptional repressor viz. for the mom 
gene of phage Mu (Dorman, 1994; Kullik et ah, 1995). Interestingly, introduction of the 
dam mutation into the £. coli oxyR mutant BD1302 fails to affect the constitutive "locked 
ON" expression of Ag43. The simplest model to explain the above is one in which OxyR 
acts as a repressor of Ag43 transcription by binding to unmethylated GATC sites in the 
regulatory region of the gene, thus preventing RNA polymerase from binding (Fig. 2) 
(Henderson etal., 1995). 



AG43 IS THE FL U GENE PRODUCT 

Using a set of nested primers designed from a knowledge of the N-terminal se- 
quences of native a 43 and a C-terminal proteolysis product, a 1.2kb-PCR product has re- 
cently been cloned and sequenced (Henderson et al., 1995). This PCR product 
corresponds to the bulk of the a 43 gene and hybridises (Henderson et al., 1995) with two 
overlapping clones in the Kohara gene bank (Kohara et al., 1987). Significantly, these 
clones cover part of min 43 on the E. coli chromosome, a region which contains (at min 
43.6) the metastable flu gene responsible for colony form variation in £. coli. Although 
first described in 1980 (Diderichsen, 1980), the flu gene has not been cloned nor has its 
gene product been identified. Despite this,/7w continues to be widely cited in the literature 
as a prime example of phase variation in prokaryotes. Form 1 (Flu ) variants are known to 
give rise to large, rough, irregular colonies and to autoaggregate in liquid media. Form 2 
(Flu + ) variants, on the other hand, produce small, smooth colonies and do not autoaggre- 
gate (Diderichsen, 1980) ( Fig. 3). Comprehensive analysis of authentic £. coli flu variants 
displaying predominantly Form 1 colonies (BD1512), predominantly Form 2 colonies 
(BD1511), and exclusively Form 1 colonies (oxyR mutant BD1302) by Western and col- 
ony immunoblotting and by immunofluorescence microscopy shows a direct and consis- 
tent correlation between the Flu* phenotype and Ag43 expression (Henderson et al., 1995). 
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Figure 2. Working model for regulation of Ag43 expression. OxyR, Dam and RNA polymerase are shown inter* 
acting with their respective DNA binding sites. Methylated GATC sites are indicated by a solid circle and un- 
methylated GATC sites by an open circle. Hashed arrows indicate no binding. It is proposed that competition 
between OxyR and Dam for unmethylated GATC sites leads to phase variation. Methylation of GATC sites by 
Dam prevents OxyR binding and transcription proceeds (phase ON). Binding of OxyR to unmethylated GATC 
sites excludes RNA polymerase leading to the transcriptionally inactive (phase OFF) state. In dam mutants, oxyR 
permanently excludes RNA polymerase giving a "locked OFF** state. In oxyR mutants, RNA polymerase is not ex- 
cluded leading to constitutive expression (i.e. 'locked ON" state) 
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Figure 3. Colony form variation in E. coii B015I2. The large flat irregular colonies display the Flu' phenotypc! 
The majority of cells in such colonies express Ag43 and aiitoaggreg^te, in liquid media. The small glossy smooth 
colonies display the Flu* phenotype. The majority of cells from these colonies are non-autoaggregative, and do not 
express Ag43. ' 1 



In conclusion, there seems little doubt that we have identified Ag43 as the elusive 
product of the metastable flu gene and have uncovered a novel regulatory mechanism gov- 
erning its expression. t , 

k ' ■ . 
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Activation of the OxyR Transcription Factor by 
Reversible Disulfide Bond Formation 

Ming Zheng, Fredrik Aslund, Gisela Storz* 

The OxyR transcription factor Is sensitive to oxidation and activates the expression of 
antioxidant genes in response to hydrogen peroxide in Escherichia coll. Genetic and. 
biochemical studies revealed that OxyR is activated through the formation of a disulfide 
bond and is deactivated by enzymatic reduction with glutaredoxin 1 (Grx1). The gene 
encoding Grx1 is regulated by OxyR, thus providing a mechanism for autoregulation. The 
redox potential of OxyR was determined to be -185 millivolts, ensuring that OxyR is 
reduced in the absence of stress. These results represent an example of redox signaling 
through disulfide bond formation and reduction. 



Reactive oxygen species can damage 
DNA, lipid membranes, and proteins and 
have been implicated in numerous degen- 
erative diseases (J). As a defense, prokary- 
otic and eukaryotic cells have inducible 
responses that protect against oxidative 
damage (2). These antioxidant defense sys- 
tems have been best characterized in Esch- 
erichia coli, in which the OxyR and SoxR 
transcription factors activate antioxidant 
genes in response to H 2 0 2 and to superox- 
ide-generating compounds, respectively. 

The mechanisms of redox-sensing and 
the systems that control the redox status of 
the cell are likely to be coupled. Studies of 
the thiol-disulfide equilibrium of the cy- 
tosol of both prokaryotic and eukaryotic 
cells indicate that the intracellular environ- 
ment is reducing, such that protein disulfide 
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bonds rarely occur (3-5). The redox poten- 
tial of the £. cob' cytosol has been estimated 
to be 'approximately -0.26 to -0.28 V (4; 
5). This reducing environment is main- 
tained by the thioredoxin and the glutare- , 
doxiri systems (6, 7). 

In response to elevated H 2 0 2 concen- 
trations, the OxyR transcription factor 
rapidly induces the expression of oxyS (a 
small, nontranslated regulatory RNA), 
kcuG (hydrogen peroxidase 1), gorA (glu- 
tathione reductase), and other activities 
likely to protect the cell against oxidative 
stress (2, 8). Purified OxyR is directly 
sensitive to oxidation. Only the xidized 
form of OxyR can activate transcription in 
vitro, and footprinting experiments indi- 
cate that oxidized and reduced OxyR have 
different conformations (9, 10). Thus, we 
examined the chemistry of OxyR oxida- 
tion and reduction. 

No transition metals were detected by 
inductively-coupled plasma metal ion anal- 
ysis of two preparations of OxyR ( J J ). We 
also did not observe any change in OxyR 
activity after denaturation and rena tur a t io n , 
in the presence of the m tal chelator de#- 
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ferrioxamine (Fig. 1A), indicating that 
metal ions and other prosthetic groups are 
unlikely to be die redox-active center of 
OxyR. Previous mutational studies suggest- 
ed that at least one and possibly two of the 
six cysteine residues in OxyR are critical for 
activity (12). We found that the Cys 199 
Ser 1 " (C199S) mutant strain showed no 
expression of the OxyR-regulated oxyS 
gene, and the Cys 208 - Ser 208 (C208S) 
mutant strain only showed slight expression 
(Fig. IB). Thus, both Cys 199 and Cys 208 are 
critical to the activation of OxyR. In addi- 
tion, an alignment of OxyR homologs 
shows that only two cysteine residues, cor- 
responding to Cys 199 and Cys 208 of E. coli 
OxyR, are conserved (13). 

To examine the oxidation state of the 
Cys 199 and Cys 206 residues in vitro, we gen- 
erated an OxyR derivative (OxyR4C -+ A) 
carrying Ala substitutions of the other four 
cysteines. This derivative showed activity 
identical to the wild-type protein in vivo 
(Fig. IB) and in vitro (14). We examined 
the OxyR4C -* A protein by matrix-assist- 
ed laser desorption/ionization-time-of- 
flight (MALD1-TOF) mass spectrometry 
(Fig. 1C). For the reduced protein, two 
peaks corresponded to fragments containing 
alkylated Cys 199 and Cys 206 . These two 
peaks completely disappeared for the oxi- 
dized protein. Instead, a new peak that cor- 
responded to the sum of the Cys 199 - and 
Cy^-amtaining peptide fragments joined 
by a disulfide bond, was detected. Quanti- 
tative thiol-disulfide titrations also indicat- 
ed that oxidized OxyR contains one disul- 
fide bond (15). We conclude that forma- 
tion of an intramolecular (16) disulfide 
bond between residues Cys 199 and Cys 208 
leads to the conformational change that 
activates the OxyR transcription factor. 

Although both Cys 199 and Cys 208 were 
important to OxyR activation, the in- 
creased sensitivity of the C199S mutant 
over the C208S mutant suggested that 
these two residues are not equivalent. Be- 
cause the formation of disulfide bonds upon 
H 2 0 2 xidation has been reported to pro- 
ceed through the initial oxidation of one 
Cys through a sulfenic acid intermediate 
(-SOH) (17, 18), we propose that the ox- 
idation of Cys 199 to -SOH is the first step 
in OxyR activation (19). 

OxyR activation by H 2 O z is a transient 
phenomenon. In a wild-type background, 
the am unts of oxyS reach a maximum —10 
min after H 2 0 2 treatment and then de- 
crease to near basal levels within 60 min 
after the treatment (Fig. 2A). The amounts 
of the OxyR protein do not change afteT the 
H 2 0 2 treatment (9), suggesting that oxi- 
dized OxyR is deactivated by reduction of 
the Cys ,99 -Cys 206 disulfide bond. We gen- 
erated a set of isogenic strains defective in 



gorA (glutathione reductase), grxA (Grxl), 
gshA (glutathione synthetase), trxB (thiore- 
doxin reductase), and trxA (thioredoxin) — 
the components of the two main disulfide 
reduction systems in the cell. We then ex- 
amined the activity of OxyR. Compared to 
the wild-type strain, oxyS RNA levels were 
elevated 30 min after H 2 0 2 treatment in 
the gorA", and particularly the grxA" and 
gshA" mutants. By contrast, the rrxA" mu- 
tant showed a profile identical to the wild- 
type strain (14), and the trxB" mutant ex- 
hibited a more rapid decrease in oxyS ex- 
pression, possibly because of increased Grxl 
levels in this strain. Because Grxl is known 
to catalyze protein disulfide bond reduction 
by reduced glutathione (GSH), Grxl may 




catalyze OxyR deactivation at the expense 
of GSH. To test this hypothesis, we incu- 
bated oxidized OxyR with purified GSH 
and Grxl. OxyR activity was completely 
eliminated within 30 min (Fig. 2B, lane 4). 
OxyR deactivated in this manner could 
readily be reactivated by H 2 0 2 upon remov- 
al of GSH (lane 5). These genetic and 
biochemical results indicate that OxyR is 
deactivated through enzymatic disulfide 
bond reduction by Grxl. 

OxyR was initially identified as a sensor 
for H 2 0 2 levels. However, the OxyR-regu- 
lated JcatG gene has also been reported to be 
induced by diamide and S-nitrosothiols (20). 
To test the OxyR sensing specificity, we 
treated cells with H 2 Q 2 , diamide, S-nitroso- 
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Rg. 1. Direct activation of 
OxyR. (A) The buffer in a 
sample of OxyR (1 ml of -0.5 
mg/mJ) was exchanged by 
three additions (1 mO of 6 M 
guanidine hydrochkxWe in 
0.1 M potassium phosphate 
(pH 7.0) and concentrated 
to 50 td in a Centricon unit 
(10 kD cutoff, Amtoon). Circu- 
lar dchroism measurements 
confirmed that the OxyR pro- 
tein was denatured by the 
guaniolne hyorochloride. An 
aBquqt of denatured OxyR 
was then renatured by a 
6-hour oiatysts against three 
100-ml volumes of protein pu- 
rification buffer containing the 
metal chelator cfesferrioxam- 
ine (0.1 mM, Sigma). Subse- 
quently, equal amounts of an 
untreated sample (jane 1), a 
sample cfialyzed against 0.1 M 
potassium phosphate. pH 7.0 
(lane 2), and the denatured 
and dtalyzed sampte (lane 3) 
were analyzed by in vitro tran- 
scription assays using purified 
RNA polymerase (U.S. Bio- 
chemical) and pAQ17 as a 
template. OxyR was purified 
as described (T2), with the ex- 
ception that dthtothreitol 

(DTT) was eliminated from _ 
the rxjrffication buff er. Afl trariscriptton reactions (72) were carried out with *1 »M OxyR to ensure a Inear 
response. (B) Strains expressing wild-type OxyR, OxyR4C-*A, OxyRC199S, and OxyRCZOBS (on pUC 
plasmids) were grown to an ciptka density at 600 nm 
100, cf 10O) aMH,0 2 . Total F^w 
were analyzed by pnrner extension (5'-CGTTTTCMGG^ 

and oxkized (bottom) OxyR4C-> A after aAcytation and trypsin tfgestion were taken with a LaserTec Benoh- 

Tcp(VESTEC) mass spectrometer. AD to 

dalton region, and the mass of each observed fragment differed from Its trieoretteal value by <1 daJtcnT 
prepare the samples, we first akylated reduced arxi oxid^ 

(A) after extraction from Inclusion bodies) by a 10-min incubation with loocecetarnide (1 pJ of 1 M in H^O, 
Siona). Trypsin (1 ^ of 1 mg/ml, Prwnega) was added to the alkylated 

mixture was incubated overnight at 37°C. Subsequentty ,1 mJ of the clgestion product was added to 3 ^1 
saturated 2,5KiIhydroxyt)enzoic add (AJdrlch) In a2:1 0. 1 % trtfcjoroacetfc ackVacetonftrite sorvent mixture, 
and 1 |J of thte mbcture was loaded onto the sampte pin of the spectrometer. The gerieratton c^nsduced 
OxyR4C->A proteta and al subsequent manipulations were carried out in an anaerobic chamber (Coy 
Laboratory) fifled with 5% Hj and 95% Nj. 
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F^2.0xyRdeactwattonbyGrx1.(A) 
The ocrA', orx*", osM~, frxB", 
snd trxA~ mutant aBetes (27) were 
moved into MC4100 by PI transduc- 
tion (generating GSO48-GS052). 
The strains were grown to OD^ = 
02 in rrtnirnurn W63 mecSum supple- 
mented with 0.2% glucose and 
0.002% vitamin 81 and then treated 
wtth 200 |iM HA- Total RNA isolat- 
ed from i samples taken at 0, 10.30, 
and 60 rrtn was analyzed by primer 
extension as in Rg. 1. The data 
lis representative of the aver- 
i.3, 1.8, 0.5, 0.5, 2,4, and 
2.0% pecay/min fa wfld type, 
gaA-\yxA-. gsaA-, irxB". and 
trxA", respectively) of 10 experi- 
ments. (B) Samples of purified 
OxyR (Q.8 |iM) were incubated with 
5 mM GSH Jane 2), 10 yM Grx1 
(lane 3), 5 rriM GSH and 10 jiM 
Grx1 Jane 4) for 30 rrtn. NADPH 

(0.5 mM) and 1 0 >tg/rnJ glutathione reductase were also added to 
the samples in lanes 2 through 5. The sample in lane 5 was treated 
as described for lane 4 except that 200 »tM HjOj was added after 
the GSH was removed with a Centricon unit (10 kD cutoff, Ami- 
con). The entire experiment was carried out ahaerobteally, and ail 
samples were analyzed by in vitro transcription as described in Rg . 

1. NADPH, GSH. and glutathione reductase (from baker's yeast) . ti , _ _ 

were purchased from Sigma, and Grx1 was kindly provided by J. Bushwelier and A.^mg/.en. TT« 
results tfxwn are representative of four independent experiments. (C) The indicated ai^sofGSH 
and GSSG were incubated with 0.8 |iM OxyR and 10 |iM Grx1 at pH 7 and 27X for at M7"™£ 
The samples were then added to RNA polymerase and assayed by in vitro transept™. All steps were 
carried out anaeroWcally. (D) The intensities of the oxyS and bta bands in (C) were measured by a 
Phosporlmager (Molecular Dynamics) and then converted to OxyR ^(oxkfeed) cor^ato^g a 
c«ton curie obtained from a control experiment in which a total of 0.8 ^M ^^posed o^ 
defined amounts of oxidized and reduced OxyR was assayed by in vitro trar^ptor > "^^f*™ 
conditions used for the titration. The diamonds correspond to expenmentat data, and the soltdhne s the 
theoretteaJ fiU% oxidized OxyR = ^/(^Qq + [GSHJ B /[GSSG] 4 )} based on Eq. 1 .The redox potential of 
-1 85 ± 5 mV is derived from three independent experiments. 
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cysteine (SNO-Cys), nitrite, hydrazine and 
its derivatives, hypochlorous acid, and oxi- 
dized lipoic acid (14). Only H 2 0 2 and dia- 
mide activated OxyR in the wild-type strain, 
and diamide activation was only observed at 
concentrations greater than 100 |lM (Fig. 
3 A). SNO-Cys did activate OxyR in a gshA" 
strain, but activati n by SNOCys was al- 
ways lower than the activation by H z O, 
(Fig. 3A). In vitro, diamide, SNOCys, and 
oxidized glutathione (GSSG) all partially 
activated OxyR but to significantly lower 
amounts than did H 2 0 2 (Fig. 3B). Thus, 
although diamide and SNOCys might react 
with the two critical cysteines in OxyR, the 
transcription factor seems to have evolved to 
specifically sense peroxides. 

The reversible reaction between OxyR 
and GSH/GSSG (Fig. 3B) allowed us to 
measure the redox potential of OxyR. We 
incubated OxyR with defined concentra* 
tions of GSH/GSSG and then measured the 
relative amounts of oxidized (activated) 
OxyR by in vitro transcription assays (Fig. 
2C). When the GSHrGSSG ratio in the 
buffer exceeded 5:1 (between lanes 4 and 
6), there was a sudden and substantial drop 
in transcription activity. This titration data 
(Fig. 2D) was best fit by assuming a con- 
certed four-monomer oxidation and reduc- 
tion (Eq. 1), which is consistent with die 
observation that OxyR is a tetramer in so- 
lution (2J). ' 

Cncl 

OxyR(ox) + 8GSH~OxyR(red) + 4GSSG 

(1) 

The extracted equilibrium constant for Eq. 
1 was used to calculate the redox potential 
of OxyR (22). The derived value of -185 
± 5 mV is about 90 mV higher than the 
estimated redox potential of the E. cot 
cytosol (-280 mV) (4, 5), providing a ther- 
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HA 



OxyR, 



OxyR, 



Grxl + GSH 
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m minimal medium as in Fig. 2 and then treated with 10, 100, or 1000 ^ H 2 ^emide(S^, and 
SNO-Cys [synthesized according to (28)]. Total RNA was isolated from ceils collect ed aft er I0f™oand 
primer extension assays were carried out as m Rg. 1 . The oxyS ^^^f^™*^?^ 
Irr^and plotted. (B)Purtfied OxyR 

then removed by dialysis (Pierce dialysis cassette). The samples (0.6 ^ were then t«*»^ 
HA- 200 nM diamide, 200 |iM SNO-Cys, 200 (iM GSSG (Sigma). 1 0 i*M Gn(1 .and 200 ^SSG 
plus 10 nM Grxl for 5 min and assayed by in vitro transcription. The entire expenn^wascsniedout 
anaeroblcaBy. The in vivo and In vttro assays were both repeated at least twice; representative expert- 
ments are shown. 



\ / 

Rg. 4. Model for OxyR activation and deactiva- 
tion. Upon exposure to H^, the Cys 189 residue 
of OxyR is first oxidized to a sulfonic acid. This 
reactive intermediate subsequently reacts with 
Cys 206 to form a stable disulfide bond locking 
OxyR In an activated form. Oxidized OxyR is re- 
reduced by disulfide bond reduction by thegkj- 
taredoxin system. Because OxyR activates the 
transcription of grxA (Grxl ) and gorA (fiMathtone 
reductase), the entire response is autoregutatad. 
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modynamic basis for the observation chat 
OxyR is predominantly reduced (deactivat- 
ed) under normal conditions. The redox 
potential of OxyR is also higher than the 
potential of all the known disulfide reduc- 
tases in E. coli (7). Thus, thioredoxin 
should also be capable of reducing OxyR, 
and indeed, we found that the purified en- 
zyme deactivates OxyR in vitro (23). Be- 
cause the OxyR protein is eventually re- 
duced in gorA", grxA", and gshA' mutant 
strains, it is also likely that the other disul- 
fide bond reduction systems contribute to 
the deactivation of OxyR in vivo. 

Interestingly, an examination of the pro- 
moter region of the grxA gene revealed a 
sequence that showed an 85% match to an 
OxyR DNA-bihding consensus sequence 
(10). We examined the levels of the grxA 
message by primer extension and found 
that, as previously observed for gorA, the 
expression of grxA is induced by H 2 0 2 in an 
OxyR-dependent manner (24). Deoxyribo- 
nuclease I (DNase I) footprinting experi- 
ments also showed that the OxyR footprint 
precisely overlaps the predicted OxyR bind- 
ing site (24). These results indicate that the 
OxyR response is autoregulated; OxyR ac- 
tivation by H 2 0 2 leads to the induction of 
activities that trigger the OxyR deactiva- 
tion pathway. 

We have provided evidence that the 
" molecular event of redox signaling by OxyR 
is disulfide bond formation and reduction 
(Fig. 4). Two features of OxyR are likely to. 
contribute to its sensitivity to H 2 0 2 . First, 
the oxidation and reduction of OxyR tet- 
ramers appears to be cooperative. Second, 
we suggest that the Cys 19 * residue is poised 
to react with H 2 0 2 . A comparison of OxyR 
homologs reveals that two basic residues 
flanking Cys 199 are absolutely conserved 
(13). These residues could enhance the re- 
activity of Cys 199 toward peroxides by sta- 
bilizing the thiolate form of this cysteine 
(Cys 199 -S") or by protonating the leaving 
group (-OH) of H 2 0 2 , or both. 

OxyR induction of Grxl and glutathi- 
one reductase ensures that the transcription 
factor is only activated for a defined period 
of time and may also be a mechanism for 
cells to maintain redox homeostasis. A drop 
in the GSHK3SSG ratio could lead to 
OxyR activation resulting in the induction 
of die enzymes that restore the redox bal- 
ance. Because GSHCSSG ratios vary sig- 
nificantly from one intracellular compart- 
ment to another in eukaryotic cells, a vari- 
ety of cellular processes, including signal 
transduction and transport, may be modu- 
lated by reversible disulfide bond formation. 

The redox potential of -185 mV deter- 
mined for OxyR is substantially higher than 
the redox potential of -285 mV reported for 
the SoxR transcription factor (25). We pro- 



pose that whereas the activity of OxyR is 
responsive to the thiol-disulfide redox status 
of the cell, the activity of SoxR is responsive 
to reduced and oxidized nicotinamide ade- 
nine dinucleotide phosphate (NADPH/ 
NADP + , respectively) levels in the cell. In 
general, the difference in the redox potential 
of the two major intracellular redox buffers 
(GSH/GSSG and NADPH/NADP + ) (4) 
should allow for the regulation of proteins 
with chemically diverse redox centers. 
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The oxyR regulon plays a central role in the defense of Escherichia coli against the endogenous oxidative 
damage associated with active aerobic growth. Here we have studied the transcriptional regulation of oxyR in 
£. coii growing aeroblcally in rich medium. Expression of a single-copy oxyR'vJacZ reporter construct varied 
sixfold along the growth curve, with the highest value at 4 to 6 h of growth (-14 x 10* cells • ml" 1 ). Direct 
measurements of oxyR mRNA by primer extension showed the same Diphasic expression but with a peak 
somewhat earlier In cell growth (2 to 3 h; -3.5 x 10 s cells • ml~ '). The results of immunoblotting experiments 
demonstrated that the level of OxyR protein exhibits the same biphasic expression. Mutant strains lacking 
adenylate cyclase (cya) or Crp protein (crp) railed to increase oxyR expression during exponential growth. On 
the other hand, an rpoS mutation allowed oxyR expression to continue increasing as the cells entered stationary 
phase. Consistent with a biological role for increased levels of OxyR during exponential growth, the crp cya 
strain had lower activities of catalase hydroperoxidase I and glutathione reductase and an increased sensitivity 
to exogenously added hydrogen peroxide. These results suggest that the Crp-dependent upregulation of oxyR 
in exponential phase is a component of a multistep strategy to counteract endogenous oxidative stress in 
actively growing E. coli cells. 



The adaptive responses to oxidative stress in Escherichia coli 
include two regulons controlled by the oxyR and soxRS genes, 
which orchestrate defense gene induction triggered by hydro- 
gen peroxide or superoxide-generating systems, respectively 
(15). Exposing wild-type E coli to micromolar levels of Hj0 2 
induces a protective response that confers resistance to subse- 
quent exposure to miUimolar H 2 0 2 concentrations (6, 8). 
About 8 of the 30 to 40 proteins induced after treatment with 
H 2 0 2 are products of the oxyR regulon genes (6, 13, 25). 

To date, the possible transcriptional regulation of the oxyR 
gene has not been extensively studied, except to note that the 
level of oxyR mRNA was not increased after H 2 0 2 activation 
of the oxyR regulon (7). Although overproduction of OxyR 
from multicopy plasmids was not followed by superinduction of 
the OxyR-dependent enzymes upon H 2 0 2 treatment (30), sev- 
eral lines of evidence suggest that regulation of oxyR expres- 
sion has an important biological role. For example, the glucose 
repression described for catalase (13, 25) may not arise from 
direct regulation of katG by Crp, since no functional Crp- 
binding site has been found in the katG promoter. Also, the 
OxyR-mediated response to equivalent r^Oj/catalasc ratios 
varies along the growth curve, being maximal during exponen- 
tial phase and almost negligible during early stationary phase 

(11) . Finally, the close correlation between the rates of pro- 
duction of 0 2 ~ and H 2 0 2 and the respiratory activity of bac- 
terial cells (11), together with the role for OxyR in the homeo- 
static regulation of the intracellular concentration of H 2 0 2 

(12) , points to a regulation of OxyR activity by oxygen tension 
or respiration. 

In this study, we monitored the variation of oxyR expression 
in aerobically growing bacteria and evaluated possible regula- 
tors of the oxyR gene. We also measured the level of OxyR- 
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dependent activities and the sensitivity to H 2 0 2 in strains with 
decreased expression of oxyR 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. Table 1 lists the £ coif strains and 
plasmids used in this study. The bacteriophage XRS45 (Na'-'lacYA*) (29) was 
used to insert the oxyR'vJacZ fusion into the chromosomal DNA by recombina- 
tion in strain MC4100 carrying plasmid pAQ23, using methods previously de- 
scribed (29). Plasmid pAQ23 contains the 5' 15% of axyR cloned into pRS415 
(7). The resulting lysogens, BGF930, BGF932, and BOF940, were identified by 
their Lac 4, Amp* phcnotype. Attempts to introduce the single-copy fusion into 
strains CA8000, CA8306, and CA8445 were unsuccessful. Strain BGF612 was 
constructed by cotransductton (24) of bcya (50% linked to Km 1 ) into strain 
BGF930. Strains BGF950, BOF960, and BGF970 were constructed by cotrans- 
ductton into strain MC410P of Tn/0 markers linked to the ptt-230, arcBl, and 
arcA2 alleles in strains RK5288, ECL594, and ECL906, respectively. Strain 
BGF1030 was constructed by transduction otkatFlfJsan from strain ZK1001 into 
BGF930. 

Cells were inoculated into LB broth (24) containing the appropriate antibiotics 
and incubated overnight at 37*C with gentle shaking (100 rpm). For experiment!, 
the cultures grown overnight were diluted 100-fold into fresh LB broth and 
incubated at 37"C for the times indicated in the figures. Amniotics were used at 
the following concentrations (in micrograms per milliliter): ampicillin, 100; tet- 
racycline, 12-5; streptomycin, 50; and kanamycin, 50. 

Anaerobic cell growth was performed in 2-mJ vials fitted with butyl rubber 
stoppers as previously described by Jones and Ounsalus (20). . 

B-Galactostdase. B-Oalactosidase activity in sodium dodecyl sulfate (SDS)- 
CHjCl-treatcd cells was determined by the method of Miller (24) and normal- 
ized to the cell density. Absorbance end optical density measurements were 
carried out in a Perkin-Elmcr model Lambda 3A specuuphotomcter (Perkm- 
Elmer, Oak Brook, 111.), 

UNA Isolation and primer extension Samples containing -10 10 cells (5 to 20 
ml) were taken at the indicated times of growth and placed on ice, and total flNA 
was extracted by a modified version of the hot-phenol extraction method of 
Emory and Belasco (9). Briefly, the chilled samples were ccntrifuged and the 
cells were rcsuspended in 125 ui of tee-cold 03 M sucrosc-0.01 M sodium 
acetate (pH 4.5). After addition of 125 uJ of 2% SDS-4.01 M sodium acetate (pH 
4.5), the cell suspension was heated for 3 min at TtfC and extracted three times 
for 3 min each at 70°C with 250 ul of hot phenol previously equilibrated with 
unbuffered water. The RNA was ethanol precipitated and stored at -B0"C in 20 
mM sodium phosphate (pH 6.5H mM EDTA The RNA concentration in a 
sample was determined spectrophotometrically (28). A 20-base oligonucleotide 
( 5 ' -GGTACTCAAG ATCACG AATA-3 ' ) was 5' end labeled with polynucle- 
otide kinase and [v-"PlATP (-8,000 Ci • mmol" »). RNA samples (100 ug) were 
mixed with the labeled primer (15,000 to 30.000 cpm) in water, and the samples 
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TABLE 1. Bacterial strains and plasmids used in this study 



E. coti strain 
or plasmtd 



Relevant genotype 
or phenotypc 



Source or 
reference 



Strains _ , _ 

BGF930 As RK4936, but \[Q(axyR :MtcZ)\ 
BGF931 As RK4936, but \[Q(katG':JacZ)) 
BGF932 As TA41 12, but \[<WaxyR'' JacZ)) 
BGF933 As TA4112, but y^HkatC'-. JacZ)] 
BGF940 As MC4100, but k[Q{oxyR':JacZ)] 
BGF950 As MC4100, but \l*(oxyR':MicZ)] 

fnr-250 zcf.TnW 
BGF960 As MC4100, but \[^oxyR':JacZ)] 

arcBl zg!::TnlO 
BGF612 As BGF930, but totya Km r 
BGF970 As MC4100. but ^HaxyR'iJacZ)) 

arcA2 zjj::TnlO 
BGF1030 As BGF930, but katFl vMan 
CA8000 HfrHBf 
CA8306 Hfr H B," Acya 
CA8445 Hfr H B," teya Acrp 
ECL594 As ECL547, but arcBl xgl"TnJ0 
ECL906 As EOL525, but arcA2 g/::Tn/0 
MC4100 A(toc)t//69 rpsL 
M7141 Scya 50% linked to Km r 
1 RK4936 araD139 (argF-tac)205 fibB530l non-9 
gyrA219 rtiAl rpsUSO metE70 btuBv. 
TtiW 

RL5288 As MC4100, but gyrA non \pl(209) 

A(Mu) Q{narlac)218 fnr-250 zcj-637:\ 
Tn/0 

RR1 pro leu rpsL HsdM hsdR end! tacY 

TA4112 As RK4936, but MoxyR-btuB)3 
ZK1001 As W3110, but MacU169 tnaZ katFl" 
kan cysC95.\XnlO 

Plasmids 
pAT153 Vector Ap r W 
pUC18 Vector Ap r 
pUCI9 Vector Ap r , 
pRS415 Vector Ap r 
pAQI7 pUCl9 containing oxyR 
pAQ23 pRS415 containing oxyR'vJacZ 
pAQ24 pRS4l5 containing katC'vJacZ 
pBT22 pAT153 containing katG 
pDEB2 pUC19 containing rpoS 



This work 
11 

This work 
11 

This work 
This work 

This work 

This work 
This work 

This work 
4 

27 
27 
16 
17 

Laboratory stock 
A Hochschild 
Laboratory stock 



20 



3 
6 

R. Koltcr 



33 
35 

Laboratory stock 

Laboratory stock 

7 

7 

31 

32 

2 



were heated at 58'C for 5 min and then cooled on ice for 10 min. After this 
S^-c. extension products were ^ 
hiflcinut vims reverse transcriptase (Promega, Middleton, Wis.) following me 
SS^.^dur^.productswcrec.cc.^horesed indenatunr* gels 

"E^'S^St*** from 5- «o 2M cultures (-M- ceJU) 
vJrTSted " 250 ^tl oHO mM Tris buffer (pH 8) containing 20% glycerol. 
«„^ at 6 0»T/ g for >5 min, end ^^^^SSm 
Samoles (-200 ug of total protein) were electrophoresed in an SDS-12* poly- 
atryuSde «land electroblotted to a nitrocellulose filter. OxyR wasdetecied by 
Sfrt&fa HUmi an OxyR-^»Unosidase fosion pro.em (M) and vuu- 
afaed with the enhanced chemiluminescence system (Amersham. Arlington 

H Hfo*c.n«.Wtlon».Theintr»c*llularconcen^ 
perori(tose-mediated scopolelin oxidation as previously described (12). 

RESULTS 

Growtta-phase-depeiident variation In oxyR expression. We 

monitored myR expression during growth by mtroducinj ; a 
single-copy axvR:JacZ operon fusion into wild-type (BGF930) 
and \oxvR (BGF932) strains. B-Galactosidase actmty showed 
a biphasic profile in both strains, with minimal values at ~2 n 
of outgrowth, and maxima at ~4 h (Fig. 1A). After reaching a 
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peak at mid-exponential phase, oxyR expression declined, 
yielding plateau values of -200 and -400 U of p-galactosidase 
for BGF930 and BGF932, respectively (Fig. 1A). 

The oxyR' ::/acZ-directed (J-galactosidase activity in the 
haxyR strain (BGF932) was always somewhat higher than that 
of the wild-type strain (BGF930). This result radicates that the 
autorepression of oxyR 9 reported by Christman et al. (7) for 
exponential-phase cultures, does not alter the oscillating pat- 
tern of oxyR expression during aerobic growth. 

We confirmed the results obtained with the reporter fusion 
by measuring the levels of oxyR* message directly. The steady- 
state level of oxyR mRNA, assessed by primer extension, was 
3.5-fold higher during exponential growth (2 to 4 h) than the 
initial level (Fig. IB). A similar result was obtained by using 
Northern blotting to detect oxyR mRNA (data not shown). The 
biphasic profile was similar in shape to that for the <utyK :MicZ 
fusion. However, the induction and maximum for the mRNA 
level preceded by -2 h that seen for p-galactosidase expres- 
sion with the fusion gene (Fig. 1 A). This difference is likely 'due 
to a delay for protein synthesis and effects of the stability of 

P We^checke^ the level of OxyR protein in the bac- 

teria reflected the observed variations in mRNA levels during 
growth. Polyclonal antibodies against OxyR (30) were em- 
ployed in immunoblotting experiments with protein samples 
normalized to 10 9 cells. A typical experiment showed that very 
little OxyR was present at 1 h of outgrowth and that the 
protein accumulated steadily through exponential phase and 
into early stationary phase (Fig. 1C). Hie OxyR protem level 
then decreased during stationary phase, with a slight but re- 
producible increase at 16 h (Fig. 1C). Overall, the pattern of 
OxyR protein expression paralleled the transcriptional behav- 
ior of the oxyR gene reasonably well. 

Transcriptional regulation of oxyR. Since OxyR mediates a 
response to oxidative stress in £. coU t we first evaluated the 
possibility Of oxygen dependence of its growth-phase-depen- 
dent regulation. The change in oxyR expression during aerobic 
growth was completely abolished in the absence of oxygen (Fig. 
2) Neither addition of exogenous H 2 Q 2 (7, 30) nor treatment 
with superoxide-generating systems (unpublished results) af- 
fected oxyR'vJacZ expression. Thus, neither OxyR nor SoxRb 
activates the oxyR gene. These results and the close relation 
between the metabolic production of oxygen radicals and the 
respiratory activity of the bacterial cell (11) prompted us to 
evaluate the roles of the major global regulatorsof aerobic 
gene expression in £. coU in the control of oxyR. The systems 
examined included ArcAB, Fnr, Crp (Cap, cyclic AMP [cAMP] 
receptor protein) and changes in RNA polymerase a subumts. 

Anaerobic cultures of strains BGF960 {arcBl) and BGF970 
iartAD displayed higher 0-galactosidase activity than the pa- 
rental strain BGF940 (Fig. 3). However this effect may be 
indirect, since neither the phosphorylated or unphosph ry- 
lated form of ArcA protein bound to the oxyR P™JX* T J*&°* 
in vitro (23). An Fnr' phenotype (strain BGF950) did not 
significantly alter cxyR'vJacZ expression in anaerobic cells 
(Fig. 3). Similar relative profiles for the various strains were 
observed for aerobic cultures of the strains (Fig. 3). 

The presence of near-consensus half-sites (5) for Crp 
(TGTGA-N 6 -TCAGT) in the -62 to -46 region of the oxyR 
promoter (7), together with the glucose effect reported for 
katG expression (14), prompted us to evaluate the possible 
effects of cAMP and Crp on oxyR expression. Adomon of 
clucose (to 0.2% in the growth medium) decreased oxyR'.UacZ. 
expression in BGF930 {axyR+) to -30 U of 0-galactosidase at 
all stages of aerobic growth. The steady-state H 2 0 2 concentra- 
tion was reduced in cells grown in LB medium with glucose to 
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FIG. 1. Variation in acy/c expression during aerobic growth. (A) Expression of a single-copy axyR'.JacZ operon fusion. Cultures of BGF930 (wild type; filled circles) 
and BGF932 (SaxyR; open circles) grown overnight were diluted 100-fold in fresh LB medium and incubated at 3TC with gentle shaking. At the indicated times, 
samples were taken to assay 0-galactosidase activity (bottom). The top panel displays, typical growth curves. OD 600 nm. optical density at 600 nm. (B) oxyR mRNA 
levels determined by primer extension. Strain BGF930 (oxyR*) was grown and sampled as described above, except that the samples were processed for RNA 
measurements (see Materials and Methods). A representative blot (top) and densitometric quantification of three independent experiments (bottom) are shown. rRNA 
bands stained with ethidium bromide were used as a reference to confirm equal loading. (C) OxyR protein levels. Strain RK4936 (wild type) was grown and samples 
were analyzed by immunoblotting as described in Materials and Methods. 



13 ± 7 nM at 2 h and 5 ± 5 nM at 6 h f which is <10% of the 
values found in LB medium alone (12). 

The effect of glucose on oxyR'idacZ expression was consis- 
tent with possible regulation by cAMP receptor protein. This 
hypothesis was tested more directly by introducing an adenyl- 
ate cyclase (cya) mutation, which abolished expression of the 
single-copy oxyR'rJacZ fusion throughout the growth curve 
(Fig. 4A). In order to determine dependence of this effect on 
Crp, it was necessary to employ a multicopy plasmid containing 
the oxyR'vJacZ fusion (pAQ23), which was introduced into cya 
single-mutant and cya crp double-mutant strains. For the multi- 
copy reporter, adenylate cyclase deficiency partially suppressed 
oxyR'vlacZ induction in late-exponential and stationary phases 
(Fig. 4B). The additional elimination of Crp almost eliminated 
the variation in oxyR expression during growth (Fig. 4B). The 
differences in the pattern of oscillation of oxyR expression 
observed for the multicopy plasmid in a wild-type strain (Fig. 
4B) compared to that for the single-copy fusion (Fig. 1A) 
suggest some degree of disregulation with the multicopy re- 
porter. 

Global changes in gene expression patterns in E. colt can 
also be orchestrated by changes in RNA polymerase (26). 
Replacement of the ct™ subunit with <r s (O alters RNA 
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FIG. 2. Expression of a oxyR'vJacZ operon fusion in anacrobically growing 
£. coii. Cultures or strain BGF930 were grown at 37°C in 2-ml vials filled to the 
top with medium and titted with butyl rubber stoppers (open circles). Data from 
aerobic experiments performed as described in the legend to Fig, I are shown for 
comparison. OD 600 nm, optical density at MX) nm. 
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FIG. 3. Expression of a oxyR'/JacZ operon fusion in arcAB and fnr £ coti. 
Experimental conditions were as described in the legend to Fig. 2» with 0- 
galactosidasc activity determined at an optical density at 600 run of 0.4 (—3 h of 
aerobic growth or -16 h of anaerobic growth) for strains BGF940 (wild type 
[WT]), BGF950 (fnr), BGF960 (arcB), and BGF970 (arcA). 



polymerase promoter specificity in stationary phase or upon 
starvation (19, 22). The oxyR promoter is a typical a 70 type (7), 
but the -35 consensus sequence for a s is not firmly established 
and could also be present. We therefore monitored expres- 
sion of oxyR in an rpoS strain (BGF1030), a wild-type strain 
(BGF930), and a strain carrying a multicopy rpoS* (BGF930 
carrying pDEB2). The expression of oxyR in the rpoS strain was 
the same as found for rpoS* cells during exponential growth 
but then increased steadily as the cells entered and remained in 
stationary phase (Fig. 5A). Thus, oxyR expression is main- 
tained when there is no transition from a 70 to 0 s . Conversely, 
elevated expression of 0 s (rpoS) in exponential phase prevents 
the normal induction of oxyR (Fig. 5B). Elevated levels of 
functional 0 s in strains carrying pDEB2 are indicated by a 



-10-fold- increased level f expressi n of the cr s -regulated 
bolA gene during exponential growth (2). 

Biological significance of the variati n in OxyR levels. To 
address the relevance of the changes in oxyR expression during 
exponential growth, we determined the expression of two ac- 
tivities under oxyR control, catalase hydroperoxidase I (HPI), 
and glutathione reductase, and the susceptibility f exponen- 
tially growing bacteria to killing by H 2 O a . {M3alactosidase 
activity from a single-copy katG'vJacZ operon fusion and glu- 
tathione reductase enzyme activity were significantly decreased 
in a 6axyR strain (BGF933), as expected, and in strains with 
continuously reduced oxyR expression. Both increased rpoS 
copy number and genetic deficiency in adenylate cyclase/Crp, 
diminished the expression of katG'vJacZ throughout growth 
(approximately twofold and up to fivefold, respectively; Table 
2). The sensitivity to exogenously added H 2 0 2 in strains with 
multicopy-/po5 + or cya crp mutations was increased to the 
level found for a haxyR strain (Table 2). A similar hypersen- 
sitivity to H 2 0 2 (relative killing zone, 1.5 ± 0.1) was found for 
the Acya single mutant (strain BGF612). 

, DISCUSSION 

The results presented here show an oscillation in oxyR ex- 
pression during aerobic growth in £. coli, including a pro- 
nounced increase in OxyR during early exponential phase. This 
induction was eliminated by cya cpr mutations, which also 
prevented the normal elevation of catalase and glutathione 
reductase activities in exponential phase and increased cellular 
sensitivity to hydrogen peroxide. The decreased expression f 
oxyR in stationary phase could be mimicked in exponentially 
growing cells by increased copy number of rpoS, encoding 
stationary-phase-induced 0 s protein, which also rendered the 
cells more sensitive to H 3 0 3 . These are the first examples f 
variations in the expression of oxyR and the first indication that 
such changes can affect the expression of OxyR-regulated 
genes. 

Crp protein and cAMP regulate the synthesis of many in- 
ducible enzymes in £ coii. Catabolite repression is mediated 
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FIG 4 (A) Expression of a single-copy axyR'vJacZ operon fusion in an aerobically growing £. coli cya strain. Strains BGF930 and BGF612 were grown and sampled 
as described in the legend to Fig. 1. (B) Expression of a multicopy axyR'vJacZ operon fusion in aerobically growing £ coU cya and cya op strains. Cultures of strains 
CA8000 (wild type), CA8306 (cya), and CA8445 (cya op) carrying plasmid pAQ23 (oxyR'vJacZ) grown overnight were diluted 100-fold in fresh LB broth and incubated 
at 37°C with shaking. Samples were taken periodically and assayed for B-galactosidase activity. 
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by a reduction in cAMP levels due to inhibition of adenylate 
cyclase by glucose. When the level of glucose decreases, the 
rise in intracellular cAMP concentration activates Crp to trig- 
ger gene expression (21). The catabolite repression reported 
two decades ago (14) for HPI, the product of the OxyR-de- 
pendent katC gene, now appears to be an indirect effect Be- 
cause the katC promoter has no known Crp-binding site, the 
Crp- or cAMP-dependent regulation of oxyR is the most likely 
mechanism to explain the glucose repression of catalase. Such 
indirect regulation would be expected for other OxyR-depen- 
dent genes. The loss of oxyR induction in a cya crp strain was 
accompanied by a 80% decrease in katG expression, a 55% 
decrease in glutathione reductase activity, and increased cel- 
lular sensitivity to H 2 0 2 (Table 2), consistent with inadequate 
antioxidant defenses in these cells. One may speculate that 
catabolite repression of oxyR reflects the major contribution of 
respiration to the generation of intracellular hydrogen perox- 
ide, the threat of which is diminished during growth in glucose. 

The promoter selectivity of RNA polymerase is rapidly mod- 
ulated by changes in the a subunit (19, 22). RNA polymerase 
containing a 70 is the main form during exponential growth, 
while the enzyme containing increases upon some types of 
starvation or during the transition to stationary phase (19). The 
increase in the o^/a 70 ratio in stationary phase may be the key 
change affecting oxyR, since expression of rpoS from a multi- 
copy plasmid also suppressed OxyR. The increased sensitivity 
to H 2 0 2 resulting from rpoS overexpression is somewhat par- 
adoxical, in that pronounced oxidant resistance is a hallmark of 
stationary-phase or starving £1 coli (1, 18). It may be that the 
loss of the oxyR pathway is insufficiently compensated by the 
expression of /poS-dependent genes under our conditions. In 
this regard, it should be noted that some genes (e.g., dps) (1) 
are controlled by both oxyR and rpoS. 

The onset of aerobic exponential growth in E. coli is asso- 
ciated with a —10-fold increase in the rate of H 2 0 2 production 
from metabolic sources (11). Bacteria cope with this endoge- 
nous oxidative stress by increasing the OxyR-dependent tran- 
scription of the /ca/G-encoded HPI (12). As a result of this 
homeostatic response, changes in the intracellular concentra- 
tion of H 2 0 2 are dampened to <2-fold (12). The Crp-depen- 



dent upregulation of oxyR reported here is evidently a key facet 
of the overall mechanism that acts to limit growth-dependent 
oxidative stress in £. coli. This regulation may be accounted for 
by the strongly increased cAMP levels reported for £. coli 
grown into stationary phase (34). Indeed, expression of oxyR 
was at least partly dependent on adenylate cyclase, although 
some other Crp-regulated promoters are not governed by 
cAMP levels (5). These include the crr-regulated genes which 
are induced in the stationary phase or under carbon starvati n 
(5), L-asparaginase (21), and the gyrA gene encoding a DNA 
gyrase subunit (10). The elucidation of the signaling pathway 
that initiates induction of oxyR merits further study. For ex- 
ample, possible correlation between cAMP levels and rates f 
endogenous H 2 0 2 generation under different growth condi- 
tions should be determined. 



TABLE 2. OxyR-dependent activities and sensitivity to oxidative 
stress in exponential-phase cultures of strains with 
different levels of oxyR expression* 



Strain (relevant 
genotype) 



H 2 (>2 sensi- 
killing zone) 



oxyR+ b 




1 






1 






1 






1 




Aaxy/f 


\5 




0.1 


030 




0.03 


0.8 




0.1 


1.4 




0.1 


BGF931(pDEB2) 


0.27 




0.01 


0.60 




0.01 


0.70 




0.05 


1.7 




0.1 


(multicopy rpoS) 


























CA800 (cya* crp*) 




1 






1 






1 






1 




CA8445 (Acya tunp) 


030 


± 


0.01 


0.20 


-♦■ 


0.01 


0.45 


-♦- 


0.05 


13 




0.1 



* Cultures grown overnight were diluted 1/100 and grown aerobtcalry for 4 h. 
The results (means ± standard errors) are relative to the values for the corre- 
sponding wild-type strain. 

b axyR:-JacZ level of expression was measured in strain BGF930; katG'rJacZ, 
GSSG reductase, and H 2 0 2 sensitivity were measured in strain BGF931. 

c axyR'JacZ level of expression was measured in strain BGF932; katG'vJacZ* 
GSSG reductase, and H 2 0 3 sensitivity were measured in strain BGF933. 

d 6556. oxidized glutathione. 
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Summary. Treatment of Escherichia coli and Salmonella ty- 
phimurium cells with a low dose of hydrogen peroxide in- 
duces expression of a large number of genes, and confers 
resistance to oxidative stresses. The oxyR gene encodes a 
positive regulatory protein for a subset of these genes in- 
volved in the defense against oxidative damage. We cloned 
a DNA fragment that contains the E. coli oxyR region 
on a plasmid vector, and analyzed the nucleotide sequence 
of the gene. The amino acid sequence of OxyR protein, 
deduced from the nucleotide sequence, shows a high degree 
of homology to the sequences of a number of bacterial 
activator proteins including LysR, CysB, IlvY, MetR and 
NodD. The product of the oxyR gene identified by the 
maxiceil procedure was a 34 kDa protein, which agrees with 
the size predicted from the nucleotide sequence of the gene. 

Key words: Oxidative stress - Activator protein - oxyR 
- LysR family 



Introduction 

Reactive oxygen species such as hydrogen peroxide, super- 
oxide anion, singlet oxygen and hydroxy radical are gener- 
ated in vivo during normal aerobic metabolism as well as 
during exposure to ionizing radiation. They damage DNA, 
protein and membrane lipids. Cytotoxic and mutagenic ef- 
fects of oxygen are attributed to these reactive oxygen spe- 
cies (Fridovich 1978). 

Escherichia coli has defense mechanisms against the tox- 
icity of these reactive oxygen species. First, there are en- 
zymes which scavenge them, such as catalases and superox- 
ide dismutases. Furthermore, there are DNA repair systems 
for oxidatively damaged DNA. These systems involve DNA 
polymerase I, exonuclease III, endonuclease IV, RecA and 
RecBC proteins (Linn and Imlay 1987). 

In E. coli and Salmonella typhimurium, pretreatment of 
exponentially growing cells with sublethal levels of hydro- 
gen peroxide makes cells resistant to subsequent exposure 
to higher concentrations of hydrogen peroxide and other 
stresses such as ionizing radiation, near UV, heat, and a 
variety of chemical oxidants (Demple and Halbrook 1983; 
Christman et al. 1985; Tyrrell 1985). The acquisition of re- 
sistance involves induction of both reactive oxygen scaveng- 
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ing systems (Winquist et al. 1984) and DNA repair systems 
which are distinct from either SOS systems or the adaptive 
response to alkylating agents (Demple and Halbrook 1983). 

The oxyR gene is a positive regulatory gene for at least 
nine proteins that are induced by treatment with hydrogen 
peroxide in S. typhimurium (Christman etal. 1985). These 
proteins are catalase/hydroperoxidase I, glutathione reduc- 
tase, alkylhydroperoxide reductase, and proteins whose 
functions are unidentified (Christman et al. 1985). oxyR 
mutants are hypersensitive to oxidative stresses and highly 
mutable in aerobic growth conditions (Storz etal. 1987; 
Greenberg and Demple 1988), indicating the importance 
of the oxyR regulated system for aerobic growth. 

To understand the functions of the genes involved in 
the defense against oxidative stresses, and to elucidate regu- 
latory mechanisms of the expression of these genes, we 
cloned the related genes. In this paper we report the cloning 
of a key gene for regulation, oxyR, and the nucleotide se- 
quence of the gene. The primary structure of OxyR protein, 
deduced from the nucleotide sequence, revealed a high de- 
gree of homology to the sequences of a large family of 
bacterial activator proteins. 

Materials and methods 

Bacterial strains, phages, plasmids and media. E. coli strains 
RK4936 {oxyR* butB: :Tn/0) and TA41 12 (as RK4936 but 
A[oxyR-btuB\) (Christman et al. 1985) were obtained from 
B.N. Ames. CSR603 (recA\ r uvrA6 9 phr-\) (Sancar etal. 
1981) and JM103 (A[pro-lac], supE, thifF'traD36, proAB, 
lacPZAMlS) (Messing et al 1981) were used for the maxi- 
ceil analysis and as a host strain for Ml 3 phages, respective- 
ly. 

pACYC184 (Chang and Cohen 1978), pBR322 (Bolivar 
etal. 1977), pUC18 and pUC19 (Yanisch-Perron etal. 
1985) were used as cloning vectors. pKT1033, a derivative 
of low copy plasmid pMF3 (Manis and Kline 1977), carries 
a katG-'lacZ fusion gene (details to be published else- 
where). M13mp8 and M13mp9 (Messing and Vieira 1982) 
were used for DNA sequencing. An E. coli gene library 
was obtained from Y. Kohara (Kohara et al. 1987). 

LB medium was used for routine growth of bacteria. 
M9 medium supplemented with appropriate amino acids 
was used for labeling the cells by the maxiceil procedure. 
YT and 2YT medium were used for Ml 3 phages. All these 
media were described by Miller (1972). 



372 



Recombinant DNA techniques. Preparati n and in vitro ma- 
nipulation of DNA were d ne by standard procedures as 
described (Maniatis et al. 1982). 

DNA sequencing. The DNA fragment carrying the oxyR 
regi n was subcloned into M13mp8 and M13mp9. Series 
of deletions from ne end f the cl ned DNA fragment 
were generated by the method of H ng (1982). The nucleo- 
tide sequence was determined by the dideoxy chain-termina- 
tion method (Sanger et al. 1977) employing a series of Ml 3 
phage derivatives. 

Identification of plasmid encoded proteins by the maxicell 
procedure. The proteins encoded by plasmids were analyzed 
after labeling the cells with [ 35 S]-methionine by the maxicell 
procedure of Sancar etal. (1981). Proteins were resolved 
by electrophoresis in a 15% polyacrylamide gel containing 
sodium dodecylsulfate (SDS-PAGE) according to Laemmli 
(1970) and visualized by autoradiography. 

Hydrogen peroxide sensitivity assay. Exponentially growing 
cells were diluted appropriately and plated onto LB agar 
plates containing various concentrations of hydrogen per- 
oxide. Colonies were counted after incubation for 24 h at 
37° C. 

Assay of fi-galactosidase activity, ^-galactosidase activity 
was assayed in exponentially growing cells harboring 
pKTl.033 cultured in the presence or absence of 100 uM 
hydrogen peroxide for the indicated period. Procedures for 
the assay and calculation of the activity were as described 
by Miller (1972). 

Results 

Cloning of the oxyR gene 

Since oxyR was mapped at 90 min on the E. coli genetic 
map (Christman et al. 1985), we used the ordered genomic 
library and physical map of the whole E. coli chromosome 
constructed by Kohara et al. (1987) to clone the oxyR gene. 
DNAs of recombinant phages which carry the chromosom- 
al DNA fragments around 90 min on the E. coli chromo- 
some were isolated. After digestion of the recombinant 
DNAs with appropriate restriction enzymes according to 
the physical map, DNA fragments were cloned into multi- 
copy plasmid vectors. These hybrid plasmids were tested 
for their ability to complement hydrogen peroxide sensitivi- 
ty of TA4112 {AoxyR). Among the plasmids constructed, 
one plasmid, pKT5352 (Fig. 1), which carries the 11.5 kb 
EcoKl fragment of 4G11 (Kohara etal. 1987) on pA- 
CYC184, conferred hydrogen peroxide resistance to the 
AoxyR mutant (Fig. 2). 

oxyR is a positive regulatory gene for katG which en- 
codes catalase/hydroperoxidase I in 5. typhimurium (Mor- 
gan et al. 1986). Using a katG -'lacZ fusion gene carried 
on pKT1033, we examined the oxyR dependence of the 
induction of katG in E. coli (Fig. 3). A AoxyR strain 
TA41 1 2 did not induce katG expression by hydrogen perox- 
ide as in the case of the AoxyR strain of S. typhimurium. 
^■galactosidase activity encoded by the fusion gene was, 
however, induced in TA41 12 harboring pKT5352, as in the 
parental oxyR* strain, in response to a low concentration 
of hydrogen peroxide. These results strongly suggest that 
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Fig. 1. Restriction cleavage map of the Escherichia coli chromosom- 
al DNA fragment containing the oxyR gene. The top line illustrates 
the region carried on 4G11 (Kohara et al. 1987). The lines below 
indicate the regions of DNA subcloned into the plasmid vectors. 
Abbreviations of restriction enzymes are as follows: B, BamHl; 
E, EcoRl ; H, Hindlll ; V, EcoRV 
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Fig. 2. Complementation of hydrogen peroxide sensitivity of an 
oxyR mutant TA41 1 2 by pKT5352. Exponentially growing cultures 
of TA4112/pACYC184 (•), TA4112/pKT5352 (a) and RK4936/ 
pACYC184 (■) were plated on LB plates containing various con- 
centrations of hydrogen peroxide and .were incubated overnight 
for colony formation 



the chromosomal DNA segment carried on pKT5352 con* 
tains the oxyR gene. 

Subclonig of the oxyR gene 

To locate the oxyR gene more precisely, smaller fragments 
were subcloned and tested for their ability to complement 
the oxyR mutation by examining hydrogen peroxide sensi- 
tivity (Fig. 1). Using BamHl and Hindlll restriction enzyme 
recognition sites (Fig. 1), subfragments were cloned into 
pBR322. The hybrid plasmid pKT322 that contains the 
2.4 kb EcoKl- BamHl fragment complemented the oxyR 
mutation. This fragment was further cleaved by EcoRV 
and the subfragments were cloned into pUC18 and pUC19. 
The hybrid plasmids pKT181 and pKT194 that contain 
the 1.5 kb EcoRV — BamHl fragment in the Hincll- 
BamHl sites (Fig. 1) complemented the oxyR mutation. 
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Fig. 3A-C. Induction of fi- 
galactosidase activity encoded by a 
katC-'lacZ fusion gene. Overnight 
cultures of RK4936/pACYC184/ 
pKT1033 (A), TA4112/pACYC184/ 
pKT1033 (B) and TA4112/pKT5352/ 
pKT1033 (Q were diluted 100-fold 
with fresh medium, and were grown 
to a density, of 10* cells per ml. At 
time zero, hydrogen peroxide 
(100 uM) was added to one portion 
of each culture. Samples were taken 
from hydrogen peroxide treated <•) 
and untreated (o) cultures, and ft- 
galactosidase activity was measured 



CGATCCTGGAGATCCGCAAAAGTTCACGTT GGCTTTACTTATTCGACTTGACAAACTCTC GAAACGCGCAGTGACTTCAACCGTTAAAAG 90 

ACCTCCCGCTCCCTTTCTGTCACCAATTAT CAGTCACAATGCTTG4IAGGCATAATCCTT CATTGCTAHSIACCTATCCCCATCAACTA 180 

TCGTCGCGA^TGGATAATCAATAT -TGATC^GAGT^ »» 

GCATCCCCATTTCCATAAAGTTTTAAAACA GCCGGTTT A A A CCGTTT A ACG C ACCT ACCC GATACGCTTCCCCCATCGTCGGCTACTTAA 1170 

A«pClyHHPheA«pl.y»V«lLeuLy«Clii A1«V.1»« 

AGGTCGTGTTGACGAAGTACTCAATAGTGT TGCCCCCACCrrtCTCTTCCATAATCCCCT G ACCC AT ATG A AT A ATTTCGCC ACCCCGCT 1260 

CGCCAAACCACTCAATACCCACAATCTCT1 TTCjrjlCJLCGAT S C Js ACAM*TTTTCACCC TGCCCACCTTCATCCCCACGATTTCTCCCC 1350 

GTCCCACATGTTTAAACTCGGCGCCGCCCA CTTCATATCGCACTTTCATTGCGGTCAGCT GCTCTTCGGTTTTCCCCACAGAGCTCATTT 1**0 
CCCCGATCCTCTAAATACCCGTACCCATAT C 

FT. 4 Nucleotide sequence of the oxyR gene. The deduced amino acid sequence is also shown. The putauve -10 and -3S sequences 
arS'^rW The Shine-Dalgarno sequence is boxed. A region of dyad symmetry is indicated by inverted arrows 



DNA sequence of the oxyR region 

The 1.5 kb EcoKl-HindlW fragment of pKT194 was sub- 
cloned into the EcoKl-Hindlll sites of M13mp8 and 
M13mp9, and series of deletions from one end into the 
inserted fragment were generated by the method of Hong 
(1982). The DNA sequence of the oxyR region was analyzed 



by the dideoxy chain-termination method using these dele- 
tion phage clones. 

One long open reading frame that could code for a 
34 kDa polypeptide was found (Fig. 4). There were two 
potential translation initiation codons at the beginning of 
this reading frame (positions 173 and 203). The ATG codon 
at nucleotide 203 was preceded by a typical Shine-Dalgamo 
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Fig. 5.' Complementing ability of the deletion derivatives of 
pKT18t and pKT194. The regions which are carried on the plas- 
mids are shown as horizontal lines* and the deletion endpoints are 
indicated by, the sequence numbers used in Fig. 4. The bottom arrow 
indicates the extent and direction of the oxyR coding region. B 
and V indicate the restriction enzyme sites for BamHl and EcoRV, 
respectively. Complementing ability is indicated by + or - beside 
the plasmid number 



sequence, GGAGG (Shine and Dalgarno 1974), but such 
a sequence was not found upstream of the potential initia- 
tion codon at nucleotide 173. Therefore, we think that the 
ATG codon at nucleotide 203 is the initiation site for trans- 
lation. These data suggest that the coding region of oxyR 
is from nucleotide 203 to 1120, coding for a protein with 
305 amino acids. Upstream of the oxyR coding region, the 
sequences substantially homologous to the consensus se- 
quences for the - 35 and - 10 regions of E. coli promoters 
(McClure 1985) were found at nucleotides 133-138 
(TTGAtA) and 157-162 (TATtcT), respectively, The dis- 
tance between the two regions (18 bp) is also typical for 
promoters. Therefore, these regions likely constitute the 
promoter of oxyR. Downstream of the coding region, a 
DNA sequence with dyad symmetry followed by a T-rich 
sequence was found between nucleotides 1289 and 1315. 
This structure is typical for a rho-independent transcrip- 



tional terminator (Piatt 1986) and, therefore, it may func- 
tion as the terminator for oxyR* 

Identification of the oxyR gene product 

Several fragments with deleti ns in the oxyR region were 
excised from the Ml 3 phage DNAs used for sequencing 
by digesting them at the flanking restriction sites with 
EcoRl and Hindllh and recloned int the same sites on 
pUC18 or pUC19. These recombinant plasmids were intro- 
duced into TA41 1 2 (AoxyR) to test for complementing abil- 
ity (Fig. 5). In the deletion series from the BamHl site, 
the OxyR* phenotype was lost when the deletion extended 
to 377 bp. In the other deletion series, a 505 bp deletion 
from the £coRV site (pKT921) inactivated oxyR function. 
pKT923 that is lacking the last codon of the gene sh wed 
an OxyR + phenotype, indicating that the last amino acid 
of the OxyR protein may not be essential for OxyR func- 
tion. 

The proteins encoded by these deletion plasmids were 
labeled with [ 35 S]-methionine by the maxicell procedure and 
analyzed by SDS-PAGE (Fig. 6). The cells carrying 
pKT194 synthesized a ?4 kDa protein in addition to the 
30 kDa ^-lactamase encoded by the bla gene on the vector 
(Fig. 6 B, lane 1). Derivatives of pKTl 94, pKT821 and 
pKT819, in which oxyR was inactivated by deletion fr m 
the BamHl site expressed no protein other than ^-lactamase 
(Fig. 6 B, lanes 3, 4). In the case of deletions from the 
EcoRV site, parental plasmid pKT181 and its deleti n de- 
rivative pKT925, which is OxyR\ synthesized the 34 kDa 
protein and the 30 kDa ^-lactamase (Fig. 6A, lanes 2, 3). 
Since the 34 kDa protein was synthesized by the OxyR + 
plasmids but not b^ the OxyR" plasmids, and the size f 
the protein agrees with the one predicted from the nucleo- 
tide sequence of oxyR, we concluded that it is the product 
of oxyR. Smaller polypeptides, probably truncated forms 
of the 34 kDa protein and their degradation products, were 
observed in the cells containing OxyR" deletion plasmids 
(Fig. 6 A, lanes 4, 5, 6). The sizes ,of the truncated peptides 
encoded by the deletion plasmids agree with the predicted 
sizes from the open reading frame of oxyR. These results 
further support the conclusion that the 34 kDa protein is 
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Fig. 7- Comparison of the amino acid sequence of OxyR protein with the LysR family consensus sequence (Hemkoff et al. 1988) slightly 
modified by including the OxyR sequence. The consensus amino acids modified here are underlined. Identical residues are indicated 
by asterisks. The region of the predicted helix-turn-helix motif is boxed 



the product of oxyR and the open reading frame shown 
in Fig. 4 is the coding region of the gene. 

Homology between OxyR and other proteins 

Homologies were searched for between the amino acid se- 
quence of the OxyR protein deduced from the nucleotide 
sequence and sequences of other proteins in current data- 
bases. We found high degrees of homology (approximately 
25%) with several E. colt positive regulatory proteins. They 
include CysB (Ostrowski et al. 1987), IlvY (Wek and Hat- 
field 1986) and LysR (Stragier and Patte 1983). Highly ho- 
mologous regions among these proteins were found in the 
N-terminal halves, although some homologies were ob- 
served throughout the proteins. Recently, Henikoff et al. 
(1988) reported a large family of bacterial activator proteins 
which include the activators for the operons involved in 
amino acid biosynthesis. We compared the deduced se- 
quence of OxyR protein with those of the nine proteins 
in this family, and the consensus sequence of nine proteins 
reported by them was slightly modified by including the 
OxyR sequence (Fig. 7). The sequence of the OxyR protein 
is highly homologous to the consensus sequence and, there* 
fore, it belongs to the family. 

In the N-terminal highly homologous region, the se- 
quence of 20 amino acids of OxyR protein (residues 18-37) 
is similar to a helix-turn-helix motif of DNA binding pro- 
teins (Pabo and Sauer 1984) (Fig. 7). By the- method for 
detection of potential Acro-like DNA binding region in pro- 
teins developed by Dodd and Egan (1987), a relatively high 
score (1523) was calculated for the OxyR protein in this 
region. Statistical analysis of about 2500 proteins, including 
both DNA-binding and non-binding proteins, indicates 
that proteins with a score above 1400 have a high probabili- 
ty of containing the DNA-binding region (Dodd and Egan 
1987). This region aligns with the predicted helix-turn-helix 
consensus of the family. These results suggest that the N- 
terminal region of OxyR is involved in DNA binding, simi- 
larly to those of the other nine members of the family (Hen- 
ikofTetal. 1988). 

Discussion 

We have cloned the DNA fragment from the E. coli chro- 
mosomal DNA library that complemented hydrogen perox- 
ide sensitivity of an oxyR deletion mutant. Since this DNA 
fragment was located at 90 min where oxyR maps, and in- 



troduction of the plasmid carrying the DNA fragment re- 
covered OxyR* phenotypes in the oxyR deletion mutant, 
as examined by sensitivity to hydrogen peroxide and induci- 
bility otkatG expression, we concluded that the cloned 
chromosomal DNA carried the oxyR gene. The size of the 
oxyR region that could function was determined to be 
about 0.9 kb, by constructing a series of deletion plasmids 
and analyzing the complementing ability of these plasmids. 
Since a 34 kDa protein was synthesized in maxicells carry- 
ing the OxyR + plasmids, which agrees with the open read- 
ing frame shown (Fig. 4), we think that the protein is the 
product of oxyR and the open reading frame is the coding 
region of the gene. Typical sequences for promoters and 
terminators were identified upstream and downstream of • 
the coding region, respectively, so the gene may constitute 
a single cistronic operon. 

OxyR protein is a positive regulator for a number of 
genes induced by oxidative stresses and, consistent with this, 
an homology search revealed that the protein is homolo- 
gous to a large family of bacterial activator proteins. OxyR 
protein, similarly to other member of this family, possesses 
a sequence characteristic of a DNA-binding domain, and 
therefore it may bind to a unique consensus sequence in 
the regulatory regions of the genes under control, including 
katG, to activate transcription. To study the molecular 
mechanism of transcriptional regulation, we recently over- 
produced and purified OxyR protein. The sequence of the 
amino-terminal ten amino acids of the purified protein 
agreed with that deduced from the nucleotide sequence of 
oxyR (unpublished result). We are currently studying the 
interaction of the protein with the regulatory regions of 
fcarG'and oxyR. 
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The oxyR-encoded regulatory protein, OxyR, acts to induce the synthesis of a family of 
hydrogen peroxide-inducible proteins in Salmonella typhimurium and Escherichia colt. To 
further define the mechanism by which oxyR regulates the production of these proteins, we 
identified, mapped, and characterized oxyA-regulated promoters upstream from the 
S. typhimurium ahp genes (encoding an alkyl hydroperoxide reductase) and the E. coli katO 
gene (encoding catalase). A set of ahpC promoter deletions was constructed in vitro and 
analysis of these deletions revealed the location of sequences that are involved in oxyR- 
mediated induction of the ahpC gene product. DNase I protection studies of the ahpC 
promoter region revealed an oxy/?-dependent footprint that overlapped the sequences found 
to be important for oxyR control. E. coli strains containing transcriptional fusions between 
the katO promoter and the lacZ gene showed strongly increased synthesis of /F-galactosidase 
in response to hydrogen peroxide treatment. This stimulation was found to be oxyR- 
dependent. DNase I protection studies of the katO promoter region revealed an oxyR- 
dependent footprint in the same location relative to the basal promoter elements as was 
observed with the ahpC promoter. Although both the ahpC and katG promoters were shown 
to bind the same factor, no strong sequence similarities were found between the two, or 
between the two and a third oxyR -dependent binding site upstream from the E. coli oxyR 
gene, itself. ( . 



1. Introduction 

When Salmonella typhimurium or Escherichia coli 
cells are p retreated with low doses of hydrogen 
peroxide they become resistant to subsequent lethal 
doses of hydrogen peroxide (Demple & Hal brook, 
1983; Christman et a/., 1985). This increased resist- 
ance is accompanied by the induction of at least 30 
proteins as seen on two-dimensional gels. A gene, 
oxyR, has been identified that positively regulates 
the expression of at least nine of the hydrogen 
peroxide-inducible proteins. The oxyR gene has been 
cloned and sequenced, and the encoded protein 
found to show homology to a new family of regula- 
tory proteins that includes the Rhizobium melUoti 
NodD and E. coli LysR proteins (Christman et al. f 
1989). oxyR mutant alleles {oxyRl in 
S. typhimurium and oxyR2 in E. coli) have been 
isolated that confer resistance to hydrogen peroxide 
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and organic peroxides without pretreatment 
(Christman et al. t 1985). Cells containing such 
mutations also constitutively overexpress the nine 
aryfl-regulated proteins. These mutant alleles are 
referred to as oxyR constitutive mutations. The 
oxyR2 constitutive mutant allele has been 
sequenced and shown to be a result of a single 
alanine to valine missense mutation (Christman 
et of., 1989). 

Some of the proteins and activities that are over- 
expressed in the oxyR constitutive mutants have 
been identified (Christman et al. t 1985). Two of the 
proteins (F52a and C22) comprise, a novel alkyl 
hydroperoxide reductase activity (Jacobson et al., 
1989). Purification and characterization of the two 
proteins have shown that the F52a flavoprotein 
together with the C22 protein reduces lipid hydro- 
peroxides and a variety of other organic peroxides 
to their corresponding alcohols. It is therefore likely 
that this activity plays a role in enteric bacteria 
analogous to that of glutathione peroxidase in mam- 
malian cells. The ahp locus encoding this activity 
) 
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has been mapped to 13 minutes on the 
S. typhimurium and t E. coli chromosomes (Store 
etal. t 1989). 

Another activity overproduced in the oxyR 
constitutive mutants is the catalase activity 
encoded by the katG gene. The katG gene has been 
mapped to 88 minutes on both the E. coli (Loewen 
et a/., 1985) and S. typhimurium {Morgan et al. t 
1986) chromosomes. More recently, the E. coli katG 
gene has been cloned (Loewen et ai. t 1983; Triggs- 
Raine & Loewen, 1987) and the DNA sequence 
determined (Triggs-Raine et at., 1988). 

In this study, we have begun to characterize the 
mechansims by which oxyR mediates the induction 
of the oxidative stress proteins. We report here a 
molecular analysis of oxyit-regulated promoters 
upstream from both the 5. typhimurium ahp genes 
and the E. coli katG gene. 

2. Experimental Procedures 

(a) Bacterial strains and plasmids 

Strains and plasmids used in this study are briefly 
described in Table, 1. Plasmid pAQ30 was constructed by 
the following steps: digesting plasmid pAQ29 to comple- 
tion with Ndel; partially digesting with Hpal; filling in 
the Ndel 3' recessed end with phage T4 DNA polymerase; 
Hgating with phage T4 DNA ligase; and isolating clones 
that had lost only the DNA fragment between the Ndel 
site and the Hpal site centering at position -67 relative 
to the start of transcription of the ahpC gene (as deter- 
mined by restriction and nucleotide sequence analysis). 
Plasmid pAQ36 is also a derivative of pAQ29 and was 
constructed in a manner identical to that described for 
pAQ30, except that the enzyme used for the initial 
complete digestion was Sail as opposed to Ndel. Plasmids 
pAQ31 through pAQ35 are deletion derivatives of plasmid 
pAQ36. To create the deletion derivatives, pAQ36 was 
linearized with Hindlll and subjected to limited digestion 
with exonuclease Bo/31 (New England Biolabs). This was 
followed by digestion with Ndel. The Ndel 3' recessed 
ends were filled in with phage T4 DNA polymerase, 
ligated with phage T4 DNA ligase, and the DNA used to 
transform aryR2 mutant strain TA4483. The endpoints of 
the deletions were determined by nucleotide sequence 
analysis following the cloning of the deletion junctions 
into an M13 sequencing vector. In all constructions 
studied, the Ndel site served as the identical cloning 
junction, so that the various deletions could be compared. 
Ethidium bromide staining of mini -DNA preparations 
from cultures (at equal density) of both TA4482 and 
TA4483 carrying all deletion mutant plasmids revealed no 
detectable differences in plasmid copy number. 



Table 1 

Bacterial strains and plasmids 



Designation 



Description 



A. Bacterial strains 
LT2 
TA4100 
K12 
TA4110 
TA4112 



Wild-type S. typhimurium 
oxyR J (Christman et al.. 1985) 
Wild-type B . coli 
oxyR2 (Christman et al., 1085) 
oxyRA3 [oxyA(oxyRbtuB)3] (B. coli. derived 
from RK4B36; Christman et a/., 1985) 
RK4936 ar*D139l(argF-lac)2OSlQJbB5301lnon' 
9gpTA219lrelAlfrpeL150lmttB70l 
btuB::TnlO(B.coli) 
TA4482 ahpAS zij-602 : : TnJ0 

TA4483 akpAS ttj-602 : : Tn 10 oxyR2 

TA4484 axyAA3/pMC7(pMC7 carries loci 1 , Cslos, 1 

1978) 

B. Plasmids 

pRS415 Promoter expression vector (Simons et a/., 

1987) 

pKK177-3 A derivative of pKK223-3 (Brosius & Holy, 

1984) in which the tet gene contained on a 
BamKl-Pvull fragment has been removed 

pAQ24 A 340 bp Hindlll-BcdKl fragment from 

pBT22 (Triggs-Raine A Loewen. 1987) 
inserted into the Smal polylmker site of 
pRS415. Results in a fusion between the 
katO promoter and the lacZ gene 1 

pAQ25 oxyR gene cloned behind the toe promoter of 

pKK 177-3. Results in overexpremion of 
the OxyR protein upon IPTG induction , 
(O. Store, L. A. Tartaglia & B. N. Ames; < 
unpublished results) 

pAQ27 A 4100 base Kpnl-Bafll fragment from 

pAQ9 (Store et al. f 1989) containing the 
ahp locus (Fig. 1) inserted Into the 
Kpnl-BomHl polylmker sites of pVC18 

pAQ29 A deletion derivative of pAQ27 in which 

sequences between the Smal site and the 
Sael site have been removed. Results in 
deletion of the ahpF gene 

pAQ30 A deletion derivative of pAQ29 in which 

sequences between the Ndel site and the 
Hpal site centering at position -67 
relative to the start of transcription of the 
ahpC gene have been removed 

pAQ31-pAQ35 Bottl deletion derivatives of pAQ36 

pAQ36 A deletion derivative of pAQ29 in which, 

sequences between the Sail site and the 
Hpal site centering on position -67 
relative to the start of transcription of the 
ahpC gene have been removed 

pAQ37 A 630 bp Hindlll-EcoRl fragment of 

pAQ27 .cloned into the Smal polytinker 
site of pRS415. Results in a fusion 
between the ahpC promoter and the lacZ 
gene 



(b) Immunoblots 

Samples (03 ml) of overnight cultures of equal density 
were centrifuged and the pellets resuspended in 50 pi 
Laemmli (1970) buffer and boiled. Portions (20 u\) were 
electrophoresed on 12% polyacrylamide gels. The 
proteins were then transferred to nitrocellulose filters by 
electroblotting and the filter was probed with 2 u\ 
(1 :5000 dilution) of C22 antibody (Store et at., 1989). 
Bound antibody was visualized by the reaction catalyzed 
by alkaline phosphatase conjugated to goat anti -rabbit 
antibodv (Blake et al.. 1984; Knecht & Dimond. 1984). 



The nitrocellulose filters were then made transparent with 
microscope oil, and the intensity of the bands determined 
by densitometry using a Kratos SD3000 densitometer. 
Dilutions of extracts from TA4483 carrying pAQ30 
showed the intensity of the bands to be linear with respect 
to the amount of protein loaded in the range studied. 



(c) Primer extension analysis 

Total cellular RNA was isolated as described by 
Morgan et al. (1986). A 30- nucleotide, end-labeled, syn- 
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Figure 1. Restriction endonuclease map of the 4100 base Bgdl-Kpnl fragment in pAQ27 carrying the 5. typhimurium 
ahp locus. The location and direction of the coding regions for the 2 components of the alkyl hydroperoxide reductase 
activity are indicated by arrows. The shaded region indicates the location of the ahpC promoter region whose sequence is 
shown "in Fig. 3 (only 1 of several Haelti sites is indicated for purposes of orientation with Fig. 3). 



thetic oligonucleotide was added to the indicated amounts 
of total cellular RNA, allowed to anneal and then 
extended with reverse transcriptase (Life Sciences Inc., 
St. Petersburg, FL: McKnight & Kingsbury, 1983). The 
extended products were analyzed by electrophoresis on 
denaturing 8% polyacrylamide gels. Dtdeoxy sequencing 
reactions primed from the same 30 base-pair end-labeled 
oligonucleotide were electrophoresed in neighboring lanes. 

(d) P'Qalaclosidast assays 

The levels of /J-galactosidase in RK4936(oxyJf*) and 
TA4\\2{axyRA3) carrying PAQ24 were determined as 
described by Miller (1982) after cells were lysed as 
described by Putnam & Koch (1975). The strains were 
grown to -4 650 ■» 0-3, 100-jd portions were taken at 3 min 
intervals for 10 min before cultures were divided and half 
of the cultures treated with 60 /xM?hydrogen peroxide. 
Samples were taken from both halves of the culture for an 
additional 30 min at 3 min intervals. 

(e) DNast I protection studies 

TA4484 carrying either pAQ25 or pKK177-3 was 
treated with I mM-isopropyl/J-n-thiogalactoside during 
exponential growth and then left shaking at 37 °C for an 
additional 2 h. Samples (5 ml) of the induced cells were 
centrifuged and the pellets resuspended in 800 u\ of 
10 mM-Tris -HCI (pH 7*5). The cells were lysed by 2 soni- 
cation steps (10 s each), centrifuged for 5 min at 3000 g to 
remove unlysed cells, followed by a 2nd centrifugation at 
13,000 g to remove the membrane fraction. Protein con- 
centrations of the resulting soluble fraction were deter- 
mined (Bradford, 1976). For footprinting reactions (Galas 
& Schmitz, 1978), portions of the soluble fraction were 
incubated with 3 fmol of "P-end-labeled probe DNA 
fragment and 0*1 /ig of poly(dl-dC) competitor DNA in 
0*5 xTM buffer (TM buffer is 50 mM-Tris (pH 7-9), 
12-5 tnM-MgCl 2 , 20% (v/v) glycerol, 1 mM-EDTA, 
1 mM-dithiothreitol. 0-1% NP40, 100 mM-KCl) for 15 min 
at room temperature before 25 u\ of 10 mM-MgCI 2 » 
5 mM-CaCl and 2 u\ of 1 to 3 jig DNase I/ml (Cooper 
Biomedical) were added and the incubation continued for 
1 min. The reaction was stopped by the addition of 200 pi 
of stop buffer (20 mM-EDTA (pH 8-0), 1% (w/v) SDS, 
0-2 M-XaCl, 250 ug RNA/ml), extracted with phenol and 
chloroform, precipitated, and analyzed on a denaturing 
8% polvacrylamide gel in parallel with a G/A sequencing 
ladder (Galas & Schmitz, 1978). 



3. Results 

(a) Identification of an oxyR-regulated promoter 
upstream from the S. typhimurium ahp locus 

In a previous study, we reported the isolation of a 
clone from a S. typhimurium library that comple- 
mented the peroxide sensitivity of ahp deletion 
mutants and restored the expression of the C22 and 
F52a proteins that comprise the alkyl hydroper- 
oxide reductase activity (Store et al., 1989). We 
have subcloned and sequenced the ahp locus 
contained on this clone and verified that it contains 
the two structural genes encoding both the C22 and 
F52a proteins (L. A. Tartaglia, 0. Store, M. 
Brodsky & B. N. Ames, unpublished results). The 
two genes were found to be closely linked and 
transcribed in the same direction, with the ahpC 
gene (encoding the C22 protein) located upstream 
from the ahpF gene (encoding the F52a protein: see 
Fig. 1). The translation start points of both genes 
were identified by comparison of the translated 
open reading frames with the N-terminal amino acid 
sequences of the purified C22 and F52a proteins 
(Jacobson et al., 1989). 

The transcription initiation site upstream from 
the ahpC gene was determined by primer extension 
studies using reverse transcriptase. A 30 bpt primer 
was hybridized to total cellular RNA isolated from 
LT2 (wild-type 8. typhimurium) and extended 
along the ahpC mRNA toward its 5' end. The 
extended primer was then electrophoresed alongside 
dideoxy sequencing reactions primed with the same 
30 bp primer (Fig. 2). One major band resulted 
from the extension of the primer, and by compari- 
son with the adjacent sequencing ladder the tran- 
scription start point was identified. The adenine 
residue corresponding to the transcription start 
point is indicated as position + 1 oh Figure 3, which 
shows 222 bp of sequence surrounding the start of 
the ahpC gene. Inspection of sequences upstream 
from the transcription start revealed —10 and —35 
regions resembling the sigma 70 consensus sequence. 



t Abbreviation used: bp, base-pair(s). 
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Figure 2. Primer extension, analysis of the ahpC tran- 
script. A 30 bp oligonucleotide was hybridized with 30 /*g 
of RNA from strain LT2 or 30 Mg of RNA from strain 
oxyRl (TA4100) and the primer extended using reverse 
transcriptase. The resulting fragments were analyzed on. 
an 8% polyacrylamide gel together with dideoxy 
sequencing ladders that were primed with the same oligo- 
nucleotide as used for the primer extension analysis. The 
major band indicating the start of the ahjtC transcript 
from both LT2 and oxyRl is indicated by an arrow on the 
right. 



In order to determine if this promoter was regulated 
by the oxyR locus, an identical experiment was 
simultaneously performed on an equal amount of 
total cellular RNA isolated from an oxyRl mutant 
strain (TA4100). The oxyRl strain has been shown 
to constitutively overproduce (treatment with 
hydrogen peroxide is not required) the nine oxyR- 
regulated proteins, including the ahpC gene product 
(Christman et al. t 1985). Primer extension of oxyRl 
RNA showed the same major band as was observed 
in the LT2 RNA primer extension. However, a 
comparison of the extended products showed a 
significant increase in the steady -state level of ahpC 
mRNA in the constitutive mutant background. 
This result suggested that the basal level promoter 
identified by the LT2 RNA primer extension can be 
strongly stimulated by the oxyR locus. 

(b) Deletion analysis of the ahpC promoter 

To further characterize the oxyR stimulation of 
the ahp promoter, we examined the regulation of 



the cloned prbmoter in both wild* type and constitu- 
tive oxyR mutant backgrounds. Constitutive oxyR 
mutant- strains were not viable when transformed 
with plasm ids containing the ahp promoter either in 
front of the two ahp genes or in transcriptional 
fusions with the lacZ gene. This may have been due 
to the inability of cells to tolerate the high levels of 
these enzymes produced when the corresponding 
genes are present in multiple copies and are stimu- 
, lated , by the constitutive oxyR mutant allele. 
However, constitutive oxyR mutant strains trans- 
formed with plasmids containing only the ahp 
promoter and the ahpC gene (the ohpF gene 
deleted) were found to be viable. Using such 
constructs, we were then able to detect oxyR stimu- 
lation of the ahpC gene by immunologically quanti- 
fying the relative levels of the C22 protein produced 
in wild-type and constitutive oxyR mutant back- 
grounds (see below). So that comparisons could be 
made with the E. coli leaiQ promoter (see below), 
these regulatory studies were done in an E. coli 
oxyR* strain and an E. coli strain containing the 
constitutive oxyR2 mutation, which is analogous to 
the S. typhi Murium oxyR mutant allele oxyRl . 
(Christman*/' a/., 1985). 

' Plasmid pAQ30, which contains the ahpC gene * 
and 67 nucleotides of upstream non-transcribed 
sequence (see Fig. 3), was transformed into oxyR* 
ahp&5 (TA4482) and oxyR2 ahp&5 (TA4483). The 
C22 protein produced from pAQ30 could be visua- 
lized clearly in extracts of both strain backgrounds 
when analyzed by SDS/polyacrylamide gel electro- 
phoresis and stained with Coomassie blue (data not 
' shown). Immunological quantification of the rela- 
v tive levels of C22 protein produced in the two strain 
backgrounds showed a sixfold induction by the 
constitutive oxyR mutant allele (see Table 2). This 
C22 protein induction is in good agreement with the 
fivefold induction of the chromosomally encoded 



Table 2 

Induction of the ahpC gene product by the 
constitutive oxyR2 mutant allele 



Plasmid 


Extent of deletion 


Fold-induction 


pAQ30 


-67 


6-1 ±0-5 (n«4) 


pAQ31 


-59 


2-9±03 (it - 3) 


P AQ32 


-46 


11 ±0-3 (n-3) 


pAQ33 


-41 


O-9±0-2 <»-3) 


PAQ34 


-34 


l-0±0-3 (»-3) 


pAQ35 


-20 





ahpC promoter deletion plasm id e pAQ30 through pAQ35 were 
transformed into TA4482 (oxyR* ahp&S) and TA4483 [oxyRJ 
ahp AS). The resulting 12 strains were then grown to stationary 
phase and the whole cell extracts analysed by imraunoblot 
analysis with anti-C22 antibody (see Experimental Procedures). 
The fold -induct ion indicated for each plasmid reflects the ratio of 
the 022 protein produced in the oxyR2 constitutive mutant 
strain carrying that plasmid over that produced in the oxt/R' 
strain carrying the same plasmid. The standard deviation of the 
fold-induction and number of trials (n) is indicated. The extent of 
the deletion into the ahpC promoter relative to the transcription 
start point is shown in the middle column. 
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GGCCTTTTTACTTTAGATGGCTGACAGGGCGCAGTGTTCACAATGTCGCCCGA 



-67 




-59 
1 



-46 -41 
1 I 



-20 



-34 

-3l5_ \ -10 

ICCGAATCAGCAAWATTTCGTTAACTTACTC 



1 10 
SD Met Ser Leu lie Asn Thr Lys lie Lys Pro Phe Lys Asn 

CTCAACGAAAACACGGAGGAAGTATAG ATG TCC TTA ATT AAC ACC AAA ATC AAA CCT TTC AAA AAC 



4 



20 



Gin Ala Phe Lys Asn Gly Glu Phe 
CAG GCG TTC AAA AAC GGT GAA TTC 

feoHl 

Figure 3. Nucleotide sequence of a HaelU-EcoRl fragment of pAQ27 containing the ahpC promoter region. The 
mRXA start point deduced from primer extension analysis is indicated by a bold arrow. Putative Shine-Dalgarno (SD) 
and sigma 70 - 10 and —35 regions are marked by a line drawn above the relevant nucleotides. The start of translation 
of the ahpC message is indicated by the translation of the relevant codons into the corresponding N-terminal amino acid 
residues of the 022 protein (L. A. Tartaglia. G. Storz, M. Brodsky & B. X. Ames, unpublished results). The end points of 
the Hpal and Bal2\ -generated deletions, as determined by sequence analysis, are identified by brackets with the deletion 
position relative to the transcription start indicated. The position of the OxyR -dependent binding site, as deduced by 
DXase I protection analysis, is indicated by the shaded oval. 



alkyl hydroperoxide reductase activity observed in 
oxyRl strains under similar conditions (Christman 
etal., 1985). This demonstrates that the 
S. typhimurium ahpC gene is expressed and regu- 
lated by oxyR in E. coli, and that sequences suffi- 
cient for oxyR stimulation are located downsteam 
from position —68. Primer extension analysis of 
mRXA isolated from both oxyR* ahp&5 and oxyR2 
ahpAS containing pAQ30 showed that the induction 
was also reflected in the steady-state level of ahpC 
mRXA and that the transcript initiation site of the 
cloned gene in E. coli was identical with that 
observed originating from the S. typhimurium 
chromosome (data not shown). No ahp transcript 
was detected by this assay in the E. coli ahpfiS 
controls that did not contain pAQ30. 

To determine if sequences upstream from ahpC 
mediate its regulation by oxyR, a set of 5' deletions 
was generated downstream from position — 67 using 
Ba731 nuclease (see Experimental Procedures). Five 
deletion mutant plasmids (pAQ31-pAQ35) were 
chosen for detailed analysis and transformed into 
the oxyR* ahpAS strain TA4482 and the oxyR2 
ahp&o strain TA4483. The extent of the deletions 
was determined by nucleotide sequence analysis and 
is shown in Figure 3. A comparison of the relative 
amount of C22 protein produced from each deletion 
mutant plasmid in the oxyR* and oxyR2 mutant 
backgrounds is shown in Table 2. Quantification of 
the relative amount of C22 protein produced by 
strains oxyR* ahp&5 and oxyR2 ahp&S carrying 
pAQ31 revealed a threefold stimulation by the 
oxyR2 mutant allele. Deletion plasmids pAQ32, 
pAQ33 and pAQ34 all produced the C22 protein at 
easily detectable levels in both strain backgrounds; 



however, no stimulation by the constitutive oxyR 
allele was observed, indicating that sequences 
required for oxyR stimulation were lost. No C22 
protein was detected under the conditions of our 
assay in extracts of either oxyR*ahp&5 or oxyR2- 
ahp&5 carrying pAQ35, suggesting that sequences 
required for basal level expression were removed in 
this deletion mutant. The above studies indicate 
that sequences between —67 and —46 contain at 
least a portion of the exacting element involved in 
the stimulation of the ahpC promoter by oxyR. 



(c) Extracts from strains that overproduce the OxyR 
protein protect sequences upstream from ahpC from 
DNase I digestion 

To determine whether the OxyR protein or 
OxyR- mediated factors interact with the sequences 
upstream from ahpC shown to be important in 
OxyR control by the deletion analysis, we prepared 
extracts from otherwise isogenic E. coli strains that 
either produced no OxyR protein (TA4484 
containing pKK 177-3) or that overproduced the 
E. coli OxyR protein (TA4484 containing pAQ25). 
These extracts were then assayed for a protein 
factor that could specifically bind sequences 
upstream from ahpC. To assay for binding, we 
monitored the protection from limited DNase I 
digestion. Figure 4 (lanes 4 and 5) shows that 
extracts from the strain that overproduces the 
OxyR protein specifically protect sequences 
upstream from ahpC. The footprint extends from 
approximately position —79 to the —35 region. 
Lanes 2 arvl 3 show the results of an identical 
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Figure 4. DXase I protection analysis of the ahpC 
promoter. A 630 bp //indffl-tfcoRI fragment of pAQ27 
was "P-labeled at the tfcoRI 5' end. The labeled frag- 
ment was incubated with either extract buffer alone 
(lane 1). extract prepared from oxyR deletion strain 
TA4484 carrying control plasmid pKK 177-3 at final total 
protein concentrations of 4*6 /*g/ml (lane 2) and 46 /ig/ml 
(lane 3), or extract prepared from oxyR deletion strain 
TA4484 carrying OxyR -overproducing plasmid pAQ25 at 



experiment done with extracts that do not contain 
the OxyR protein, and demonstrate that the protec- 
tion is OxyR -dependent. The protected sequences 
between positions —79 and —33 (see Fig. 3) are in 
good agreement with the results of the deletion 
analysis, which indicate the presence, of cw-acting 
oxyR regulatory sequences between —67 and —46. 
Lanes 4 and 5 in Figure 4 show evidence for another 
OxyR-dependent DNase I -protected region, 
approximately 300 bp upstream from the ahpC 
promoter. The function of this upstream binding 
site is not understood, since ahpC clones containing 
over 606, bp of upstream sequence do not show 
significantly greater induction of the ahpC gene 
product than that observed for pAQ30, which, 
contains only 67 nucleotides of upstream non-tran- 
scribed sequence (data not shown). 

(d) Identification of a hydrogen peroxide- and 
oxyH-regulated promoter upstream from the 
E. coli katG gene 

Constitutive oxyR I and oxyR2 mutants have 
significantly higher levels of catalase activity than 
wild-type strains (Christman eta/., 1985). These 
< increased catalase levels have been attributed to an 
increase in the steady-state levels of katG rnRXA 
(Morgan et aL t 1986). To determine whether 
sequences upstream from the E. coli katG gene could 
bestow hydrogen peroxide and oxyR regulation 
upon a promo terless lacZ gene, a 340 bp 
/Yindlll-^coRI fragment from pBT22 (Triggs- 
Raine & Loewen, 1987) containing the start of the 
katG structural gene and 141 bp of upstream 
sequence was cloned into the pro mo terless lacZ 
expression vector pRS415. The fragment was cloned 
in an orientation such that promoters, upstream 
from the katG gene should transcribe the lacZ gene 
of pRS415. This construct (pAQ25) was then trans- 
formed into both an oxyR* strain (RK4936) and an 
otherwise isogenic oxyR deletion strain (TA4U2). 
Due to the high basal expression of the katG 
promoter and the transient nature of hydrogen per- 
oxide induction, we assayed induction of the katG 
promoter by using the method for assaying tran- 
sient induction phenomenon described by Taylor 
et al. (1984). Levels of /7-galactosidase in cultures of 
the wild-type and oxyR deletion strains carrying the 
transcriptional fusion were determined during mid- 
tog growth. The cells were then divided and half the 
cultures treated with 60 jiM-hydrogen peroxide. 
Each culture was monitored for an additional 30 
minutes for levels of /J-galactosidase and cell 
density. Figure 5 shows the levels of /?-galactosidase 
as reflected by the conversion of o-nitro phenyl-^- D- 



final total protein concentrations of 4*6 /ig/ml (lane 4) and 
46 /ig/ml (lane 5). After DNase I digestion, samples were 
run in parallel with a Maxam-Gilbert G/A sequencing 
ladder (lane 6) on an 8% poly aery Iamide sequencing gel. 
The regions protected from DXase I digestion are indi- 
cated by brackets at the right. 
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Figure 5. Induction of 0-galactosidase in strains carry- 
ing IxttG-lacZ fusion pi as mi da by treatment with hydro- 
gen peroxide. Cultures of oxyR* (RK4936) and oxyRM 
(TA4112) strains carrying a chimeric katG promoter-focZ 
gene construct (pAQ24) were divided and half of each of 
the cultures brought to a final concentration of 
60 /xM-hydrogen peroxide. The times of hydrogen per- 
oxide treatment are indicated by vertical arrows. Portions 
of the cultures were taken every 3 min, lysed, and assayed 
for jj-galactosidase activity. The levels of 0-galactosidase 
(defined as 1000x[i4 43O -l*75x ^ssol/ [*(min) xt>(ml))) are 
plotted versus A 6i0 . iO)oxyR*\ (M)oxyR* with hydrogen 
peroxide; {Q)oxyRA3; (#)oxy#A<? with hydrogen 
peroxide. 



galactoside to o-nitrophenyl plotted versus cell 
density. The sharp increase in slope (indicating an 
increased rate of 0-galactosidase synthesis) seen for 
the wild-type treated but not the wild-type 
untreated cells demonstrates that the 340 bp katG 
fragment can confer hydrogen peroxide-inducibility 
upon the lacZ gene. Treatment with hydrogen per- 
oxide did not affect the 0-galactosidase synthesis in 
an oxyR deletion strain, indicating that the induc- 
tion is oxyfl-dependent. The slightly higher levels of 
0-galactosidase observed in untreated wild-type 
cells compared to oxyR deletion cells was consis- 
tently observed in several experiments. This effect 
may be due to a small amount of oxyi?-dependent 
induction of katG during normal aerobic growth. We 
have constructed a transcriptional fusion between 
the lacZ gene of pRS415 and the promoter of the 
ahpC gene (pAQ37, described in Table 1), Induction 
levels and kinetics for the ahpC fusion were very 
similar to those seen with the katO fusion (data not 
shown). 

The transcription initiation site upstream from 
the katG gene was determined by primer extension 
analysis. A 30 bp primer was hybridized to total 
cellular RNA isolated from K12 and oxyR2 strains, 
and extended along the katG mRNA towards its 5' 



Figure 6. Primer extension analysis of the katG tran- 
script. A 30 bp oligonucleotide was hybridized with 35 jig 
of RNA from strain K12 or 35/ig of RNA from strain 
oxyR2 (TA4U0) and the primer extended using reverse 
transcriptase. The resulting fragments were analyzed on 
an 8 % poly acrylamide gel together with dideoxy 
sequenctng ladders that were primed with the same oligo- 
nucleotide as used for the primer extension analysis. The 
major band indicating the start of the katG transcript 
from both K12 and oxyR2 is indicated by an arrow. 



end. The extended primers were then electrophor- 
esed alongside dideoxy sequencing reaction 
mixtures primed with the same 30 bp primer 
(Fig. 6). From the adjacent sequencing ladder, the 
transcription startpoint was identified as an adenine 
residue marked + 1 in Figure 7, and is identical for 
both the basal level transcription and the highly 
induced level of transcription observed in the 
constitutive oxyR2 mutant. Inspection of sequences 
upstream from the transcription start revealed — 10 
and —35 regions resembling the sigma 70 consensus 
sequence that are in agreement with those predicted 
by Triggs-Raine etal. (1988) on the basis of 
sequence homology. 

(e) DNase I protection studies of the 
E. coli katG gene 

DNase I protection experiments similar to those 
described for the ahpC promoter (identical extracts) 
were performed with a DNA fragment containing 
sequences upstream from the katG gene (Fig. 8). 
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AAGCTTAATTAAGATCAATTTGATCTACATCTCTTTAACCAACAAT 



-to SP 

TTCTGTCTAACGiTGTGTATCGTAACGGTAACACTGTAGAGGGGAG 

Met S^r Thr Ser Asp Asp lie His 
CACATTG ATG A<?C ACG TCA GAC GAT ATC CAT 

Figure 7. Nucleotide sequence of the katG promoter 
region. The transcription start point deduced from primer 
extension analysis is marked by a bold arrow. Putative 
Shine-Dalgarho (SD) and sigma 70 - 10 and —35 regions 
are indicated by a line drawn above the relevant nucleo- 
tides. The start of translation of the katG message is 
indicated by the translation of the relevant codons into 
the corresponding N-terminal amino acid residues of the 
kaiO gene product (Triggs-Raine et al„ 1988). The posi- 
tion of the OxyR-dependent binding site as deduced by 
DNase I protection analysis is indicated by the shaded, 
oval. ; , 



These studies revealed an OxyR-dependent foot^ 
print upstream from the katG promoter starting at 
position 1 —76 and extending through the —35 
consensus sequence (see Fig. 7). The position of this 
footprint relative to the promoter elements is nearly 
identical . with that observed for the ahpC gene. 
Interestingly, however, visual inspection of the two 
protected regions showed no obvious sequence 
similarities. Computer alignment , of the two 
protected regions using the SEARCH algorithm in 
the Intelligehetics SEQ program (IG Suite version 
5.2, Intelligenetics, Palo Alto, CA) also revealed no 
homologies significantly better than those expected 
if the two sequences were randomized. The best 
homology (expect value = 0*4 occurrences on 
average) was a 14 bp stretch in which 10 bp were 
conserved. However, we feel it is unlikely that this 
match has physiological significance, since the 
region is centrally located in the ahpC footprint, 
while proximally located in the katG footprint, and 
no similar sequence is found in a third OxyR-depen- 
dent binding site (see below). Also, computer analy- 
sis of the DNase I-protected regions upstream from 
both ahpC and katG revealed no dyad symmetries 
better than would be expected in random sequences 
of this size. 



(f) The ahpC and katG promoters compete for the 
binding of the same factor 

The dissimilarity between the two OxyR-depen- 
dent binding sites upstream from the ahpC and katG 
promoters raised the question of whether the two 
promoter fragments were binding the same factor. 
Possibly two different isoforms of the OxyR protein 
recognize the two different sequences, or expression 
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Figure 8. DNase I protection analysis of the katG 
promoter. A 194 bp EeoRl-EcoHV fragment of p8T22 
was "P-labeled at the BcoKl 5' end. The labeled frag- 
ment was incubated with either extract buffer alone 
(lane 1), extract prepared from oxyR deletion strain 
TA4484 carrying control plasmid pKK177-3 at final total 
protein concentrations of 4*6 pg/ml (lane 2) and 23 Wg/ml 
(lane 3), or extracts prepared from oxyR deletion strain 
TA4484 carrying OxyR-overproducing plasmid pAQ25 at 
final total protein concentrations of 4*6 jig/ ml (lane 4) and 
23 /ig/mj (lane 5). After DNase I digestion, samples were 
run in parallel with a Maxam-Gilbert G/A sequencing 
ladder (lane 6) on an 8% poly aery lam ide sequencing gel. 
The regions protected from DNase I digestion are indi- 
cated by brackets at the right. 
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of OxyR results in the binding of other factors to 
the two promoter sequences. To help distinguish 
between these possibilities, we performed competi- 
tion experiments with the two promoter fragments. 
Figure 9(a) shows that the OxyR-dependent foot- 
print on the ahpC promoter could be competed with 
a 55- fold molar excess of a katO promoter fragment 
containing a single OxyR-dependerit binding site 
(the more upstream footprint of unknown sequence 
on the ahp fragment was also competed, data not 
shown). The ahpC footprint is not competed by a 
55-fold molar excess of a 230 bp pUC18 DNA frag- 
ment. Therefore, despite the dissimilarity in 
sequence of the two protected regions, the factor 
binding upstream from ahpC appears to be the same . 
as that binding upstream from hcUQ. The reciprocal 
experiment is shown in Figure 9(b). We have 
recently found an OxyR-dependent footprint just 
upstream from the oxyR gene itself (Christman 
et a/., 1989). The sequence of the protected region 
upstream from ifie oxyR gene is shown in Figure 10. 
Competition experiments similar to those described 
above have shown that a 55-fold molar excess of 
either the ahpC or kcUG promoter fragments could 
compete for the binding of , the OxyR-dependent 
factor binding upstream from the oxyR gene (data 
not shown). A 55-fold molar excess of a pUC18 
fragment did not compete. Interestingly, no statisti- 
cally significant similarities were found between the 
OxyR binding site upstream from oxyR and the 
OxyR binding sited upstream from either the katG 
or ahpC gene in either orientation. 

4. Discussion 

Promoters upstream from both the 
S. typhimurium ahpC gene and the E. coli IcatQ gene 
were identified and localized. The steady-state levels 
of mRXA produced from these two promoters were 
found to be substantially higher in oxyR constitu- 
tive mutant strains. This, together with the finding 
that altering non-transcribed sequences upstream 
from ahpC eliminates oxyR stimulation, suggests 
that oxyR regulates at the level of transcription 
initiation. 
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Figure 9. Competition study with the katO and ahpC 
promoters, (a) A ©30 bp //indIII-£coRI fragment of 
pAQ27 was "P-labeled at the EcoRl 5' end. The labeled 
fragment was incubated with either extract buffer alone 
(lane 1), or extract prepared from oxyR deletion strain 
TA4484 carrying OxyR-overproducing plasmid pAQ25 at 
a final total protein concentration of 4*6 pg/ml (lanes 2 
through 4). A 55- fold molar excess of unlabeled competi- 
tor DNA fragments was also added to some lanes as 
follows: lanes 1 and 2 t no competitor DNA fragment; 
lane 3, 55-fold molar excess (relative to ahpC probe frag- 
ment) of N del-Sail fragment from pUCl8; lane 4. 55 -fold 
molar excess of EcoRl-EcoRV fragment of pBT22 



containing the ktUO promoter. After DNase I digestion, 
samples were run on an 8% polyacrylamide sequencing 
gel. (b) A 194 bp EcoRl-EcoRV fragment of pBT22 was 
"P-labeled at the £eoRI 5' end. The labeled fragment 
was incubated with either extract buffer alone (lane 1), or 
extract prepared from oxyR deletion strain TA4484 carry- 
ing OxyR-overproducing plasmid pAQ25 at a final total 
protein concentration of 4*6 /ig/ml (lanes 2 through 4). A 
55-fold molar excess of unlabeled competitor DNA frag- 
ment was also added to some lanes as follows: lanes 1 and 
2, no competitor DNA fragment; lane 3, 55-fold molar 
excess (relative to katO probe fragment) of Ndel-SaJJ 
fragment from pUC18; lane 4. 55-fold molar excess of 
//indIIT-£coRI fragment of pAQ27 containing ahpC 
promoter. After the DNase I digestion, the samples were 
run on an 8% polyacrylamide sequencing gel. 
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"Conserved" • G — AG-T '• AT-G — T A 

Figure 10, Optimal alignment of three OxyR-dependent binding sites. The shaded ovals indicate the sequences 
upstream from the ahpC, katG and oxyR genes that are protected by OxyRnenriched extracts in DNase I protection 
assays. The -35 regions indicated on the ahpC and katG nucleotide sequences correspond to those described above. The 
-35 region indicated by the bold line on the oxyR nucleotide sequence corresponds to that of a positively regulated small 
transcript made opposite the oxyR gene (G. Store & B. N. Ames, unpublished results). The broken lines indicate the 
positions of the - 10 and - 35 regions of the oxyR gene itself (Christman et oi.. 1 989). Nucleotides that are the same for 
all 3 sequences in this alignment are shown on the bottom line. 



E. eoli soluble extracts enriched for the OxyR 
protein were shown to protect sequences upstream 
from the ahpC and katG promoters. No protection 
was seen in' experiments performed with extracts 
from otherwise isogenic strains that did not produce 
the OxyR protein. The protected sequences 
upstream from ahpC include a region defined by 
deletion mapping as a exacting oxyR regulatory 
element. Although it is still possible that the OxyR 
protein mediates the protection upstream from the 
ahpC and katG promoters by activating another 
binding factor, we do not favor this hypothesis, 
because substantially purified OxyR preparations 
show the same protection patterns (G. Store, L. A. 
Tartaglia & B. N. Ames, unpublished results). 

The location of the OxyR footprint on the katG 
and ahpC promoters is also of interest. Both of the 
OxyR footprints extend into the —35 sigma 70 
consensus sequence, which typically also makes 
contacts with RNA polymerase (Siebenlist et a/., 
1980; von Hippel et at., 1984). It has been shown 
that both the bacteriophage lambda ell protein and 
RNA polymerase interact with the —35 region of 
several lambda promoters by making contacts at 
this region on opposite sides of the DNA helix (Ho 
et al. t 1983). This observation has led to the pro- 
posal that ell activation may be a result of direct 
protein-protein interaction between the ell protein 
and RNA polymerase. The protection patterns 
upstream from the ahpC and katG promoters are 
therefore consistent with a model in which the 
OxyR protein stimulates these promoters by mak- 
ing contacts with RNA polymerase. 

The extracts used for the DNase I protection 
experiments in this study were prepared from 



cultures that had not been treated with hydrogen, 
peroxide^ The results obtained therefore suggest 1 
that the OxyR protein can bind DNA with reason- 
able affinity and specificity even in the absence of 
hydrogen peroxide treatment. However, it is poss- 
ible also that the OxyR binding activity was acti- 
vated by oxidation upon release from the reducing 
environment of an E. coli cell. In fact, preliminary 
in vitro transcription studies indicate that the tran- 
scription stimulatory activity of OxyR becomes 
activated simply upon extraction into air-saturated 
buffers. We have found, however, that the factor 
still binds these promoters under strongly reducing 
conditions (G. Store, L, A. Tartaglia & B. X. Ames, 
unpublished results). These same reducing condi- 
tions have been found to inhibit the ability of these 
extracts to stimulate transcription of the ahp locus 
•n vitro (L. A. Tartaglia, G. Store & B. N. Ames, 
unpublished results). Before any comparisons can be 
made between the relative binding affinity of this 
factor in its active and inactive forms* further 
studies will be required to determine the exact 
nature of the activation process and the conditions 
under which the activation process takes place. 

There are many examples in prokaryotes of sets 
of genes that are co-ordinately controlled by the 
binding of a common regulatory factor. These co- 
ordinately regulated . genes typically contain a 
consensus sequence in their 5' flanking DNA that is 
recognized by the regulatory factor. It was therefore 
surprising that comparisons of the DNA sequence 
contained in three OxyR-dependent footprints 
showed no statistically significant similarities. This 
observation is even more unexpected in light of the 
finding that these three sequences appear to bind 
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the same factor, which is most likely the OxyR 
protein itself. The binding of this regulatory factor 
to the ahpC, IcatG and oxyR 5'-regions is therefore 
atypical of the pattern normally seen with other 
bacterial regulatory proteins. However, the binding 
of a common regulatory protein to apparently non- 
homologous cw-regulatory elements has been 
reported in a number of eukaryotic systems. One of 
these is the yeast HAP1 protein, which binds 
sequences upstream from both the CYCl and CYC7 
genes (Pfeifer et al., 1987). Like the OxyR binding 
sites, no obvious homologies were found between 
these two binding sites in either orientation. Other 
examples include the COUP transcription factor, 
which binds sequences upstream from both the 
chicken ovalbumin gene and the rat insulin II gene 
(HWung etal. f 1988), and the HeLa cell TEF-1 
protein, which binds simian virus 40 tSV40) 
enhancer motifs of unrelated sequence (Davidson 
et al. t 1988). Some of these investigators have specu- 
lated that DNA secondary structure may be impor- 
tant ' in the binding specificity of these factors 
(Pfeifer et a/., 1987; Hwung et al., 1988). This prin- 
ciple may be operating in the case of the OxyR- 
regulated promoters; however, not enough DNA 
structural information is available to allow specula- 
tion about secondary structures present at these or 
most other protein-binding sites. 

It is possible also that the recognition of these 
sites is still governed by primary sequence informa- 
tion, since there are alignments of the three binding 
sites in which several positions are conserved. The 
optimal and probably most physiologically signifi- 
cant alignment is shown in Figure 10. However, the 
distance over which positions of identity are .scat- 
tered and the uncharacteristic absence of dyad sym- 
metries makes it difficult to distinguish important 
similarities from similarities expected between 
random sequences. Recently, Bolker ft Kahmann 
have found that the OxyR protein also binds 
upstream from the mom gene in the phage Mu 
(Bolker & Kahmann, 1989). Although it is not 
known if the mom binding site will efficiently 
compete for the binding of OxyR at the ahp, kcUG 
and oxyR promoters, we have attempted to align all 
four binding sites. Several possible alignments exist 
in which either five or six* residues out of the nine- 
residue consensus proposed in Figure 10 are 
conserved. To determine which of these alignments 
is most significant and to understand how the OxyR 
protein recognizes its binding, sites will require 
further protection, interference and mutant binding 
studies. 
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Escherichia coU produces an inducible set of proteins that protect the cell from exogenous peroxide stress. 
A subset of these genes is induced by hydrogen peroxide and is controlled at the transcriptional level by the 
OxyR protein. To identify additional genes involved in protection from hydrogen peroxide, a library of random 
transcriptional fusions of XpfocMu53 was screened for hydrogen peroxide sensitivity and 27 such mutants were 
identified. These fusions were transduced into nonlysogenic strains to ensure that the phenotypes observed 
were the result of a single mutation. The mutants were grouped into three classes based on the expression of 
the lacZ fusion during growth in oxyR* and baxyR backgrounds. Jhe expression of the lacZ fusion in 8 mutants 
was independent of OxyR, 10 mutants required OxyR for expression, and 6 mutants showed reduced levels of 
expression in the presence of OxyR. OxyR dependence varied from 2- to 50-fold in these mutants* The 
OxyR-dependent phehotype was complemented by a plasmid-borne copy of oxyR gene in all mutants. Three 
mutants exhibited dual regulation by OxyR and RpoS. We sequenced the fusion junctions of several of these 
mutants and identified the genetic loci responsible for the hydrogen peroxide-sensitive (hps) phenotype. In this 
study, we report the identification of several genes that require OxyR for expression, including hemF (encoding 
coproporphyrinogen m oxidase), rcsC (encoding a sensor-regulator protein of capsular polysaccharide syn- 
thesis genes), and an open reading frame,/4P7, that is similar to arylsulfatase-encoding genes. 



All aerobic respiring organisms require protection from re- 
active oxygen species (including superoxide anion, hydroxy! 
radical, and hydrogen peroxide) formed from the partial re- 
duction of molecular oxygen to water during oxidative metab- 
olism. Bacterial cells encounter endogenous hydrogen perox- 
ide produced from the dismutation of superoxide or hydroxyl 
radical as a product of the respiratory chain when oxygen is 
used as the terminal electron acceptor. In addition, enteric 
bacteria, such as Salmonella typhimurium and Escherichia coli, 
encounter toxic levels of hydrogen peroxide produced by mac- 
rophages during engulfment (17). E. coli and S. typhimurium 
possess several enzymes that prevent oxidative damage (alkyl 
hydroperoxidase, catalases, superoxide dismutase, and gluta- 
thione reductase) and repair DNA lesions resulting from oxi- 
dative damage (e.g., exonuclease III, RecBC nuclease, and 
endonuclease III) (for a review, see reference 16). It has been 
shown that both £. coli (14) and S. typhimurium (49) become 
resistant to killing by hydrogen peroxide when pretreated with 
a nonlethal dose (60 u.M) of hydrogen peroxide. The adapta- 
tion results in the transient accumulation of a distinct group of 
proteins (10, 28). There are 30 proteins that exhibit elevated 
level of synthesis, of which 12 proteins are induced immedi- 
ately after the hydrogen peroxide challenge and 18 proteins are 
expressed 10 to 30 min after hydrogen peroxide treatment (10). 
The induction of 9 of the 30 proteins is under positive control 
of the oxyR gene product (10, 28), OxyR, a member of the 
LysR family of transcriptional regulators (11). Genes known to 
be induced by OxyR in the presence of sublethal doses of 
hydrogen peroxide include katG (encoding HPI catalase) (10, 
28, 39), ahpCF (encoding alkyl hydroperoxidase reductase) 
(10, 28, 39), gorA (encoding glutathione reductase) (21), dps (a 
nonspecific DNA-binding protein with a protective function) 
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(3), and oxyS (encoding a small untranslated RNA with a 
probable regulatory function) (21, 22). OxyR protein also re- 
presses its own synthesis (10, 39, 42) as well as that of the Mu 
phage mom gene (6). Other members of the OxyR regul n 
which are overexpressed in a constitutive oxyR mutant are yet 
to be identified. An OxyR-independent hydrogen peroxide- 
inducibie gene product has been identified as DnaK protein 
(encoded by dnaK gene), which is involved in DNA biosynthe- 
sis (28). Some proteins induced under hydrogen peroxide 
stress are also induced by other forms of stress, including those 
generated by heat, ethanol, nalidixic acid, and cumene perox- 
ide (28). 

To identify members of the hydrogen peroxide (oxidative 
stress)-induced regulon that are responsible for protecting the 
cell from oxidative damage, a previously reported (36) rand m 
library of transposon-generated lacZ operon fusions in £1 coli 
(ApfcicMu53 fusion phage) was screened for sensitivity to hy- 
drogen peroxide and 26 mutants that showed a hydrogen per- 
oxide-sensitive (hps) phenotype toward 1.0 mM hydrogen per- 
oxide (on plate assays) were isolated. Here we present the 
characterization of the hps genes that require OxyR for their 
expression. The identities of these OxyR-activated hps genes 
are reported on the basis of the DNA sequence of the fusion 
junctions that map to known regions of the £. coli chromo- 
some, thereby identifying some of the genes responsible for 
producing an Hps phenotype. 

MATERIALS AND METHODS 

Bacterial strain*, bacteriophages, and plasmlda. Ail bacterial strains, bacte- 
riophages, and plasm ids used in this study are listed in Table 1. 

Chemicals and enzymes. All chemicals were obtained from commercial 
sources. Stock solutions of antibiotics and other nonautociavable solutions were 
filter sterilized (pore size. 0.45 jun; Gelman Sciences, Ann Arbor, Mich.) prior to 
use. 

Media used and growth conditions. The rich medium used was Luria-Bcrtani 
(LB) broth (10 g of tryptonc, 5 g of yeast extract, 10 g of NaQ) adjusted to pH 
7.0. For preparation and determination of the titers of Plvir lysates, cultures 
were grown overnight at 37°C with 5 mM CaG : . The PI -mediated transductions 
were performed by the method of Miller (27). Solid medium was prepared by 
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TABLE I. £. coli strains, phages, and plasmids used in this study 

Strain(s). phage. Gcnoiypc Source andVor reference 

or plasm id 



Strains 




G. Weinstock 


MC4100 


F" araD139 \{argF-lac)U169 rpsLlSO relA dtoCl ptsF25 rbsR flb530! 


GC4468 


F" CJacV169 rpsL 


Laboratory collection 


KL765 


F" lacZ813 lac 13 pro met his Op rpsL thi tind 


K. B. Low 


HS008 


Same as KJL765 but with <t>80 


Laboratory collection 


HS6682 


Same as HS008 but uvrD::Tn5 


Laboratory collection 


RK4936 


arvD139 \(argF-lac)205 flbS30J non-gyrA219 relAl rpsLlSO btuB::TnlO 


10 


TA4112 


Same as RK4936 but Qxy&3[oxy(axyR-btu8)3] 


10 


TA4484 


Same as TA41 12 but has pMC7 (toe/ 4 ) 


. 21 


GC202 


Same as GC4468 but katG17vXnJ0 


Laboratory collection 


GC122 


. Same as GC4468 but rpoS!3::TnW 


Laboratory collection 


NC202 


Same as GC4468 but <t>(katE:JacZ+)131 katG17\XnW 


Laboratory collection 


NC4468 


Same as GC4468 but <t>{katE;lacZ + )I3l 


Laboratory collection 


HS701 to HS727 


Same as MC4100 but <t>(hps-l:JacZ+) to 0>{hps-27:JacZ*) 


This study 


HS701R to HS727R 


Same as HS701 to HS727 but rpoSJ3::TnI0 


P1(GC122) X HS701 to HS727-*Tet r 


GC701 to GC727 


Same as GC4468 but <v{hps-l\\uicZ ) to <v\nps-27vdac*C ) 


This study 


RK701 to RK727 


Same as RK4936 but <l>(hps-l:-JacZ + ) to Q{hps~27vJttcZ*) 


This study 


TA701 to TA727 


Same as TA4112 but Q>(hpS'l:JacZ + ) to <b{hps-27'. JacZ*) 


This study 


Phages , 
XpYacMu53 


Ximm 7/p* 7acZ"" /ocV^ /ac/T 'rnrD' XhoiJcan clts62 rter* /4**'5 


G. Weinstock 


■ Plwr 


Laboratory collection 


Plasmids 




G. Store (43) 


pAQ24 


JtafG promoter fused to a promoterless lacZ 


pAQ25 


oxyR gene cloned in pKK 177-3 with tac promoter 


G. Storz (21) 


pMC7 . 


Plasmid containing lacF gene 


G. Storz (21) 



adding 15 g of agar per liter of liquid medium. The soft top agar was prepared 
by adding 15 g of agar per liter of liquid medium. For titration of X phage, the 
host strain was grown with 10 mM MgSOj and 0.2*/e maltose. 

Single-colony isolates were inoculated into growth medium supplemented with 
appropriate antibiotics and incubated overnight at 37°C. AH cultures were grown 
in flasks at a culture/flask volume ratio of 1/5 to ensure good aeration. Growth 
was monitored by measuring optical density at 600 nm (OD MK ») with a Shimadzu 
UVI201 UV-VIS spectrophotometer. For all induction experiments, overnight 
cultures were serially subcultured twice to an OD MR] of 0.2 before inoculation 
into fresh media to an initial OD M » of 0.05 to 0.10 or as indicated. 

Identification of hydrogen peroxide-sensitive mutant strains. A collection of 
more than 5,000 random lacZ opcron fusions to chromosomal promoters were 
isolated by infecting strain MC4100 with Xp/acMu53 (transcriptional fusion 
phage) as described previously (36, 37). Cultures of individual colonics were 
grown in 96-well microliter plates, replica plated onto LB plates and LB plates 
containing 1.0 mM hydrogen peroxide, and grown overnight at 3T*C. Colonics 
that exhibited poor growth in the presence of hydrogen peroxide were presump- 
tive hydrogen peroxide-sensitive mutants. These presumptive mutants were fur- 
ther tested for catalasc activity by flooding the replicates with 30% hydrogen 
peroxide. Eight hydrogen peroxide-sensitive mutants also exhibited reduced bub- 
bling in the presence of hydrogen peroxide and thus had reduced catalasc 
activity. Plwr lysates were prepared (27) on the hydrogen peroxide-sensitive 
mutants; and the iacZ fusion was transduced into strains GC4468 and MC4I00 
to ensure that only one fusion was present in each mutant derivative. These 
transductants were tested for hydrogen peroxide sensitivity. The same Plwr 
lysates were also used to transduce the fusions into strains RK4936 (oxyR*) and 
TA4112 (baxyR). 

Cell survival assays. Six single-colony isolates from each bacterial strain were 
inoculated into a 96-well microliter plate containing 0.1 ml of LB per well and 
incubated at 37*C until saturation. The cultures were replica plated "(in duplicate) 
onto LB agar and LB agar containing 1.0 mM hydrogen peroxide and incubated 
overnight at 37°C Relative sensitivity was determined by comparing the growth 
of mutant strains with those of appropriate parental strains. 

To quantitate the survival of cultures exposed to hydrogen peroxide, overnight 
cultures were serially subcultured twice to an OD^i of 0.20 (approximately 3 x 
10" cells/ml). The second subculture of each strain w as divided into two portions. 
One portion of the culture was challenged with 1.0 mM hydrogen peroxide (final 
concentration), while the other served as a control. The cultures were incubated 
for 60 min at 37 fl C and 200 rpm. Aliquots of cultures were withdrawn at the 
indicated times, appropriately diluted, plated onto LB plates in duplicate, and 
incubated overnight at 37*C. The relative survival was assessed by determining 
the viable count of treated cultures in relation to that of untreated cultures 
incuhatcd in parallel. A concentration of 1 mM hydrogen peroxide was used to 



challenge the growing cultures because this concentration causes "mode-one 1 * 
killing in £. coli that is dependent on cellular metabolism (19). For determining 
the zone of inhibition, cultures were grown to an OD^, of 0.8 and a 200-u.l 
aliquot was plated onto an LB plate with 3 ml of soft agar. The overlaid plates 
were allowed to dry at room temperature for 30 min. A Whatman (number 3) 
filter disc (diameter. 7 mm) soaked with 10 ui of 30% hydrogen peroxide was 
placed on the middle of each overlaid plate and incubated at 37°C. and the 
diameter of the zone of inhibition of bacterial growth was measured after 12 h. 

Enzymatic assays. p>Galactosidase assays were performed by the method of 
Miller (27). Activities were normalized with respect to culture density and were 
expressed in Miller units (27). 

Plasmid isolation and transformation. Plasmids were isolated from overnight 
cultures grown in media containing appropriate antibiotics by the alkaline lysis 
method (35). Competent cells were prepared by the calcium chloride method 
(35) and were transformed with a total of 50 ng of cither plasmid pAQ25 or 
. pMC7 (21. 22). Transformants were selected on LB plates containing 100 pg of 
ampkillin per ml (pAQ25) or 15 pg of tetracycline per ml (pMC7). For double 
transformation. 250 ng of total DNA (125 ng of each plasmid) was used. The 
double transformants were selected on LB plates containing both amptcilltn and 
tetracycline. Six individual isolates from each transformed mutant strain were 
inoculated into 96-well microliter plates along with parent strains and appropri- 
ate controls and grown at 37°C to saturation. Microliter wells were replica plated 
onto plates supplemented with 50 u>g of 5^romo-4-chloro-3-indotyl-^-D-gatac- 
topyranoside (X-Gal) per ml with or without 1 mM isopropyl-thio-D-galactosi- 
dasc (IPTG) as inducer. The plates were incubated at 37*C for 12 h, and the 
change in color was examined in the presence and absence of IPTG. 

Induction or cultures with IPTG. Overnight cultures were serially subcultured 
twice in LB containing appropriate antibiotics to an initial OD^of 0.2. Cultures 
were divided into two equal portions; to one portion, IPTG was added to a Anal 
concentration of I mM. Cultures were incubated at 37°C at 200 rpm. Aliquots of 
cultures were removed every 30 min, placed on ice with chloramphenicol (150 
u.g/ml {final concentration]) to stop further protein synthesis, and assayed for 
p-galactostdasc activity. All assays were performed in duplicate. 

Induction of XpfeeMu53 lysogeni by UV and DNA isolation from lysates. To 
isolate phage DNA. Xp/acMu53 lysogens were induced by UV as described 
previously (33. 37). An overnight culture from a single-colony isolate was sub- 
cultured to an OD MB , of 0.4 (approximately 3.4 x 10* cells/ml of culture) in 50 
ml of LB. The culture was centrifuged at 7.000 x g at 4°C for 15 min, resus- 
pended in 10 ml of 10 mM MgS0 4 , and spread on a pet ri dish (15-cm diameter). 
The culture suspension was irradiated uncovered for 6 s by placing it 50 cm below 
two 15-W germicidal UV lamps (NIS C15T8). Total fluencc was approximately 
31 J/nrr. as measured with a UVX radiometer (Ultraviolet Light Products, San 
Gabriel, Calif.) and a 254-nm probe (minJcl no. UVX-25). To the irradiated cell 



332 MUKHOPADHYAY AND SCHELLHORN 



J. Bacteriol 



suspension, 5.0 ml of 3x LL broth (90 g of tryptonc, 45 g of yeast extract, 45 g 
of Nad, 60 mg [each] of adenine, cytosine, guanine, and thymine per liter, pH 
7.25) was added and incubated at 37°C with vigorous shaking (200 rpm) until 
visible lysis occurred (3 to 5 h). The rysate was transferred to 50-ml polypro- 
pylene screwcap tubes (catalog no. 25330-50: Corning Inc., Corning, N.Y.)ron- 
taining a few drops of chloroform and vortexed vigorously for 1 min before being 
centrihiged at 3,000 rpm for 20 min at 4'C to remove cell debris. An aliquot of 
the rysate was appropriately diluted and plated with strain MC4100 as host onto 
LB plates containing 50 u_g (each) of streptomycin and X-Gal per ml (phage 
titers varied from 10* to 10^PFU/mi). The phage was peUeted by centrifuging the 
rysate at 35,000 rpm for 30 min in a Beckman SW41Ti rotor (33). DNA from the 
pelleted phage was isolated by a previously described method (35). 

DNA sequencing of the fusion junctions and analysts. The mutator phage 
employed in this study. XptocMu53 (7), is a hybrid phage containing X and phage 
Mu segments. To identify chromosomal genes immediately adjacent to the in- 
tegrated phage, we used a DNA sequencing primer complementary to the Mu C 
end. The primer, AB3818. was a 25-merv 5' CCGGAATAATCCAATGTCCTC 
CCGO 3', 30 nucleotides downstream from the Mu C end (33). The phage DNA 
isolated from UV-induced lysates was purified by using a glass membrane ultra- 
nitration cartridge (catalog no. 15590-060; Gibco BRL, Burlington, Ontario. 
Canada) as recommended by the manufacturer. The amount of DNA used in 
each sequencing reaction was 10 to 100 fmol. Sequencing of the phage templates 
was performed with Tag polymerase (AmpliCyde sequencing kit; Perkin-Elmer, 
Branchburg, NJ.) by using a 5'-end-labetted primer, AB3818, with (o- M S]thio- 
dATP (> 1,000 O/mmol). The sequencing reaction was performed in 25 cycles of 
9TC for 30 s. 65*C for 30 s, and 72°C for 60 s with a thermal cycler (GeneE 
thermal cycler, Techne Inc. Princeton, NJ.) equipped with a heated lid (33). The 
sequences of the fusion junctions were determined from two independent se- 
quencing reactions performed each time with freshly prepared template* DNA 
sequences were examined for homology with the data available in the GenBank 
database by using the program (2). 



RESULTS 

Isolation of hydrogen peroxide-sensitive mutants containing 
chromosomal lacZ operon fusions. Transcriptional fusion 
phage Xp/acMu53 (7) was used to obtain a random chromo- 
somal lacZ operon fusion bank of over 5,000 operon fusions, as 
described in Materials and Methods. On screening the fusion 
bank, 27 mutant strains (in the MC4100 background) which 
were sensitive to 1.0 mM hydrogen peroxide were isolated. 
Subsequently, the lacZ fusions were transduced into strains 
GC4468 and MC4100 to ensure that only one fusion was 
present in each mutant derivative. The genes corresponding to 
the fusions were designated hps (hydrogen peroxide-sensitive 
phenotype). As shown in Table 2, each of these fusions was 
sensitive to 1.0 mM hydrogen peroxide and exhibited a larger 
zone of inhibition than did the wild-type strain (refer to Ma- 
terials and Methods). 

Quantitative cell survival assays were performed on most of 
the hps mutants (data not reported). We report the sensitivities 
of a set of representative mutants {hps-2, hps-4, hps-5, and 
hps-10) compared to those of mutant hps-7 in isogenic oxyR 
and toxyR backgrounds (Fig. 1). Exponentially growing cul- 
tures were challenged with 1 mM hydrogen peroxide to deter- 
mine the effect on viability, as £. coU undergoes mode-one 
killing when exposed to 1 to 2 mM hydrogen peroxide (19). At 
this concentration of hydrogen peroxide, additional cellular 
responses (apart from the known OxyR-dependent, SOS-me- 
diated, or superoxide-inducible response) that are as yet un- 
characterized are induced (19). All the hps mutant strains were 
sensitive (3- to 10-fold) to 1.0 mM hydrogen peroxide. The 
hpstoxyR double mutants were more sensitive than were the 
hps mutant strains (data not reported). The hps-7haxyR double 
mutant exhibited a synergistic hypersensitive phenotype and 
had an approximately 50-fold-reduced viability compared to 
that of the wild-type strain, indicating that other genes (such as 
hps-7) may be involved in hydrogen peroxide stress response 
independent of OxyR. 

Effect of OxyR on p-galactosidase expression of hpsvJacZ 
fusions. Hydrogen peroxide treatment induces the synthesis of 



TABLE 2. Sensitivities of hps mutants to hydrogen peroxide 0 



Strain 



Allele 



Sensitivity 
to hydrogen 
peroxide 
(mMf 

o!o To 



Radius of 
inhibition 
(mmf 

oxyR* baxyR 



RK4936 Wild type + 

GC4468 Wild type + 

NC4468 katEJacZ + 

GC202 . katG"TnJ0 + 

NC202 katEvMcZ, katC::Tnl0 + 

HS701 hps-1 + 

HS702 hps-2 + 

HS703 hps-3 + 

HS704 hps-4 + 

HS705 hps-5 + 

HS706 hps-6 + 

HS707 hps-7 + 

HS710 hps-10 + 

HS711 " hps-2 J + 

HS712 hps-12 + 

HS713 hps-13 + 

HS714 hps-14 + 

HS715 hps-I5 + 

HS716 hps-16 + 

HS717 hps-17 + 

HS718 hps-IB + 

HS719 hps-19 + 

HS720 hps-20 + 

HS721 hps-21 + 

HS722 hps-22 + 

HS723 hps-23 + 

HS724 . hps-24 + 

HS725 hps-25 + 

HS726 hps-26 + 

HS727 hps-27 + 



+ 

+ 



IS 
8.0 
92 
US 
195 
103 
10.8 
9.5 
\ZS 
. 10.8 
, 9.0 
llJ 
12.2 
115 
8.8 
113 
8.8 
1U 
93 
9.0 
8.7 
8.8 
8.8 
103 
8.7 
11.7 
9.0 
9.7 
93 
8.8 



153* 



173 
22^ 
20.8 
18.7 
20.2, 
18.8 
24.0 
212 
15.8 
18.8 
173 
17.8 
21.8 
19.0 
NA a 
20.2 
U>.7 
17.0 
17.2 
16.8 
18.2 
21.2 
193 
193 
16.8 



* Single-colony isolates were inoculated into 96-well microliter plates, grown at 
37°C to saturation, and replica plated onto LB plates and LB plates containing 
1.0 mM hydrogen peroxide, as described in Materials and Methods. In hps*8 and 
hps-9 mutants, the fusion junction was in the katE gene; hence, they were not 
included in this table or subsequent studies. 

* +, growth: z, slight growth; -, no growth. 

c A 0.2-ml aliquot of a culture grown for 6 h was plated on an LB plate with 
3 ml of LB soft agar. A filter disc (diameter, 7 mm) with 10 pi of 30% hydrogen 
peroxide was placed in the middle of each overlaid petri dish and incubated for 
12 h at 37°C. Data are averages of triplicate plate assays. The standard error for 
each set of experiments was less than 0.2. 

4 NA, not available. The hps-I7\JacZ fusion could not be transduced into an 
haxyR background. 

* Radius of inhibition for isogenic baxyR strain TA4112. 



30 proteins in 5. typhimurium (28). The synthesis of nine f 
these proteins, including HPI hydroperoxidase, is regulated by 
OxyR (10, 28), a transcriptional activator (39, 42). Since we 
isolated 27 hps mutants, it was possible that some of the fusions 
were in OxyR-regulated genes. To determine the effect f 
OxyR on the expression of various hpsvJacZ mutants, the fu- 
sions were transduced into isogenic oxyR* (strain RK4936) 
and boxyR (strain TA4112) backgrounds. However, we were 
unable to obtain viable transductants for fusion hps-17vJacZ in 
an boxyR background. All of the transductants were sensitive 
to hydrogen peroxide in an oxyR* background compared to the 
parent strain (Table 2), as determined by the radius of inhibi- 
tion. 

As an initial screen, overnight cultures of hpsviacZ fusions in 
oxyR* and haxyR backgrounds were assayed for p-galactosi- 
dase activity to identify OxyR-dependent fusions (Table 3). 
The mutants could be separated into the following three major 
classes: OxvR independent (the oxyR*lbaxyR ratio, si); OxyR 
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FIG. 1. Effect of 1 mM hydrogen peroxide on survival of hps mutants. Ex- 
ponentially growing cultures were challenged with 1 mM hydrogen peroxide and 
assayed for survival over a period of 60 min, as described in Materials and 
Methods. The wild-type (**) strain was RK4936, and the haxyR strain was 
TA41 12. The mutant strains exposed to the challenge were HS702 (hps-2:JacZ) t 
HS704 (hps~4vJacZ)> HS705 (hps-5:JacZ), HS707 (hps~7:JacZ), and HS710 
(hps-10:UacZ). 



activated, showing a decreased level of £-galactosidase expres- 
sion of an hpsvlacZ fusion in an oxyR deletion background 
(oxyR*jhoxyR ratio, >2); and OxyR repressed, showing a 
higher level oilacZ expression in an oxyR deletion background 
(oxyR*lhaxyR ratio, <0.5). 

Effect of OxyR on growth phase-dependent expression of 
hpsvlacZ fusions. OxyR can act as a transcriptional activator 
(39, 42, 43) and a repressor, repressing its own expression (10) 
and that of the mom gene of phage Mu (6). Since the role of 
OxyR has been studied using exponential-phase cultures (10, 
28, 29) and the differences in expression of the hpsvlacZ fu- 
sions in overnight cultures were modest between oxyR* and 
boxyR backgrounds for most fusions (Table 3), we decided to 
study the expression of the hpsvlacZ fusions in isogenic oxyR* 
and baxyR backgrounds during normal growth to determine 
which of these hps loci are activated or repressed by OxyR. 
Each of these hpsvlacZ operon fusions showed individual vari- 
able expression patterns during growth, indicating that each 
fusion is unique in its regulation. Depending on the pattern of 
lacZ expression, the fusions were grouped into one of three 
classes (Table 4). The hpsvlacZ fusions whose levels were 
independent of the status of OxyR were assigned to class I 
(hps-U hps-3, hps-7 f hps- 11, kps-12, hps-15, hps-18, and hps-23) 
(Fig. 2A). Ten mutants were grouped as class II fusions be- 
cause they were OxyR activated (required functional OxyR for 
maximal expression of the lacZ fusion; hps-2, hps-4, hps-5 t 
hps-10, hps-14, hps-16 f hps-20, hps-21 t hps-24 t and hps-27). A 
representative member of this group, hps-21vlacZ, showed 
growth phase-dependent expression in an oxyR* background 
and had almost 60-fold-higher activity than that of an isogenic 
boxyR strain (Fig. 2B). All other members of this group exhib- 
ited 5- to 50-fold-higher expression of the fusion in an oxyR* 
background than in an baxyR background. Unlike in class II 
mutants, in class III mutants the expression of the lacZ fusion 
was repressed by a functional OxyR protein. During exponen- 
tial phase of growth, the expression of these fusions was 2- to 
10-fold lower in the isogenic oxyR* background compared to 
that in the baxyR background (data not shown). The maximum 
difference in expression was significant enough to classify these 
fusions as OxyR-repressed genes (hps~6 t hps-13, hps-19, hps-22, 
hps'25, and hps-26). A representative member of this class of 
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TABLE 3. Effect of OxyR on the expression of hps fusions" 





B-Galactostdase activity 


oxyR+lhoxyR 
ratio 


Fusion 


oxyR 


(Miller units) 

ooxyK 


hpS'lvlacZ 


16.7 


40.4 


0.4 


hps-2:lacZ 


92.0 


67.0 


1.4 


hps-3"lacZ 


89.3 


88.3 


1.0 


hps~4vlacZ 


67.3 


12.0 


5.6 


hps-SvlacZ 


18.8 


14.1 


13 


hps-6'.'JacZ 


8.0 


15.2 


0.5 


hps-7vlacZ 


1.1 


1.2 


0.9 


hps-l(h'lacZ 


97.0 


80.1 


12 


hpS'lIvlocZ 


89.3 


88.9 


1.0 


hps-12:JacZ 


18.7 


10.7 


1.7 


hns- 13*dacZ 

ftlAJ M if . •••• l» fa 


1.2 


43.7 ■ 


0.03 


hpS'14'.*lacZ 


30.1 


18.5 


1.6 


hps-15'.'MicZ 


36.8 


37.3 


IS) 


hps*16vlacZ 


53.1 


15.1 


3.6 


hps-lSvlacZ 


95.0 


83.4 


1.1 


hps-!9vlacZ 


6.7 


43.4 


0.2 


hps-20vlacZ 


63.0 


13.0 


4.8 


hps-2hlacZ 


65.8 




14.0 


hps-22vlacZ 


' 21.3 


51.7 


0.4 


hps-23:lacZ 


17.0 


23.2 


0.7 


hps-24vlacZ 


54.0 


17.5 


3.1 


hps~25vlacZ 


60.2 


84.5 


0.7 


hps*26vlacZ 


79.3 


• 96.5 


0.8 


hps-27vlacZ 


60.9 


116 


4.8 • 



* Overnight cultures grown in LB were assayed for frgalac to t id asc activity. 



mutant is hps- 19 (Fig. 2B). The class III mutants will be dis- 
cussed in a subsequent communication. 

Complementation ot hps mutants by a plasmid-borne oxyR 
gene. As some of the hpsvlacZ mutants exhibited OxyR-de- 
pendent expression, a plasmid-borne copy of the oxyR gene 
(21) was used to confirm the phenotypc by complementing the 
expression of the hpsvlacZ fusion in an AoxyK background. All 
hps mutants in the TA4112 background (haxyR) were trans- 
formed with plasmids pAQ25, containing an IPTG-inducible 
oxyR construct (ptac-oxyR), and pMC7 (lacF) (21). The double 
transformants were replica plated onto X-Gal-containing 
plates with and without 1 mM IPTG (as described in Materials 
and Methods) to confirm complementation. Subsequently, ex- 
pression assays were performed with cultures as described in 
Materials and Methods. The results (Table 5) indicate that all 
class II mutants were complemented by the oxyR gene and the 
degree of complementation varied from 2- to 14-fold. Previ us 
efforts to complement these mutants with a plasmid construct 
of the oxyR gene containing wild-type OxyR resulted in modest 
levels of complementation, probably due to the autoregulatory 
effect of OxyR (data not shown). All class III mutants were also 
complemented by OxyR with respect to the repression pheno- 
type (data not shown). 

Induction or hpsvlacZ fusions with 60 |&M hydrogen perox- 
ide. Hydrogen peroxide induces the synthesis of 30 proteins in 
S, typhimurium, of which 9 are regulated by OxyR (10, 28). 
Since the mutations in hps genes conferred a hydrogen perox- 
ide-sensitive phenotype and since some of the hpsvlacZ fusions 
appeared to be activated by OxyR, we tested whether these 
hpsvlacZ fusions were hydrogen peroxide inducible (i.e., ex- 
hibited increased expression in presence of 60 u,M hydrogen 
peroxide) in accordance with the known function of OxyR 
protein. Seven OxyR-activated fusions exhibited some degree 
of inducibiliry in the presence of 60 u.M hydrogen peroxide 
(Table 6). A plasmid construct carrying a katC promoter fused 
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TABLE 4. Classification of hpsrJacZ mutants 



Oass 


Characteristic s) . 


Fusions 


Known mutants with similar 
phcnotypcS* 


1 


Independent of OxyR 


hps- 1, hps-3, hps-7, hps-U, hps- 12, hps- 15, 

hps-18, hps-23 
hsp-2, hps-4, hps-5, hps- 10, hps- 14 hps- 16, 

hps-20, hps-21 f hps-24, hps-27 
hps-6, hps-13, hps-19, hps-22, hps-25, hps-26 


sodA, sodB, xtliA, dnaK 


II 
III 


OxyR activated; requirement of functional OxyR 

for maximum expression 
OxyR repressed; expression of the fusion 

reduced in the presence of OxyR 


katG, ahpCF, gorA, dps, oxyS 
oxyR, mom (<&Mu) 



" See text for discussion and references. 



to a promoterless lacZ gene <(43) was transformed into an 
oxyR + strain (RK4936). Its induction was used to measure 
OxyR activation and served as a control. There was 1-5- to 
5-fold induction of various hpsvJacZ fusions in the presence of 
60 u.M hydrogen peroxide (Table 6). The hps*]6:dacZ fusion 
exhibited fivefold induction* while hps-21:JacZ exhibited mod- 
est twofold induction. 

Regulation of hps loci by RpoS. The expression of various 
hpsvJacZ fusions during entry into stationary phase (Fig. 2) 
suggests that these loci are regulated by RpoS, a stationary- 
phase-dependent sigma factor (24, 26, 41). The p-galactosidase 
activities in these mutants increased sharply as cultures en- 
tered the stationary phase of growth, as shown in the case of 
hps-21vlacZ (Fig. 3). Since it is known that the expression of 
katG (23, 29), dps (3), and gprA (4) genes is regulated by both 
OxyR (in a hydrogen peroxide-inducible manner) and RpoS in 
a growth phase-dependent manner, we wanted to determine 
whether any of the hps genes were also regulated by RpoS. An 
rpoS:iTnlO allele was transduced from strain GC122 into all 
the hps mutants in the MC4100 background. The transductants 
were screened for reduced p-galactosidase activities by replica 
plating onto X-Gal-containing plates, as described in Materials 
and Methods. Five rpoS hps double mutants exhibited lower 



p-galactosidase activities on X-Gal plates than did the isogenic 
rpoS* strain. The activity levels of the hpsvJacZ fusions in these 
strains were determined during normal growth, and three of 
these hps genes showed various degrees (2- to 10-fold) of 
dependence on RpoS (hps-5, hps-19, and hps-21) (Table 7). 
The hps-21vJacZ mutant showed more-than-threefold depen- 
dence on RpoS, similar to those of some previously known 
genes, such as katG (23, 29), gorA (4), and dps (3) (Fig. 3). 

Identification of some of the lacZ fusion junctions by DNA 
sequencing. To identify hps genes mutated by the insertion of 
XpLcMu53. phage, the integrated phage was induced from 
cultures and sequenced, as described in Materials and Meth- 
ods. Here we report the fusion junctions of class II hps mutants 
(OxyR activated) that mapped to previously known genes of E. 
coli, thereby identifying new members of the OxyR regul n 
(Table 8). The fusion junction in hps-27 is in a gene encoding 
a sensor protein of a two-component regulatory pathway of 
colanic acid capsular polysaccharide synthesis, RcsC (40). The 
insertion is in a proline codon 671 bases from the initiation of 
translation (40). The fusion junctions in hps-5 (thiG) (5, 47), 
. hps-10 (gtdA) (5, 46), and hps-24 (uvrD) (13; 50) are oriented 
opposite to the known promoter transcribing the gene. In 
hps-24vJacZ f the insertion is in the noncoding strand, 497 bases 
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B 
u 



n 




100 



6 on* 




6 OfH 



Time (h) Tlnw(h) Time < h > 

FIG "» Expression of hpsvJacZ fusions in wild-tvpe and laxvR backgrounds. (A) Representative class I fusion mutant showing an OxyR-independcnt expression 
pattern during growth in LB medium in wild-type and W? backgrounds. ( B) OxyR-depcndent expression. The expression of the hps-21vJacZ twuon was very ow in 
the absence of OxvR: hence, this fusion is a class II (OxyR-activated) fusion mutant. hp:-!9: JacZ express.on was repressed >n the presence of OxyR; thus this fusion 
is a class 111 fusion mutant. Symbols: ■ and expression of the focZ fusion in wild-type and W? backgrounds, respectively. l_ and O. growth (expressed in OD NB) ) 
for wild-type and SaxyR strains, respectively. ON. overnight. 
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TABLE 5. Complementation of hps mutants by a plasmid-borne axyR gene under an IPTG-inducible tac promoter" 



Allele 



3-Galactosidase activity (Miller units) 



Class 



baxyR 



Wild type 



Without 
vector 



Plasm ids 
only 



pAQ25 (axyR) 



1PTG 



+ IPTG 6 



OxyR independent, hps- J I 

OxyR activated* 
hps-2 
hps-4 
hps-5 
hps-IO 
hps-14 
hps-16 
hps-20 
hps-21 
hps-24 
hps-27 



II 
II 
II 
II 
II 
II 
II 
II 
II 
II 



124.0 



109.0 
60.5 
40.9 

103,6 
78.7 
91.6 
65.0 
59.0 
35.4 

105.0 



138.0 



36.6 
34.4 
27.6 
40.5 
45.9 
49.3 
27.2 
6.0 
29.1 
35.1 • 



139.0 



34.0 
38.8 
28.8 
31.9 
50.5 
50.5 
34.6 
5.8 
28.4 
31.9 



130.0 



64.8 
63.4 
21.1 
842 
87.9 
77.4 
96.0 
20.3 
62.7 
843 



136.0 



131.5 (3.6f 
72.8 (Zl) 
47.4(1.7) 
134.1 (33) 
165.8 (3.6) 
1473 (3.0) 
146.4(5.4) 
84.7(14.1) 
910(32) 
219.0(62) 



* All cultures were serially subcultured twice to an OD^c of 0.2. Cultures containing pAQ25 transformants were divided into two equal portions, and to one portion 
IPTG was added to a final concentration of 1 mM. Cultures were incubated at 37°C at 200 rpm. Aliquots of cultures were removed periodically to assay ft-ga l a ctwi dase 
activities. Data are for aliquots taken 90 min after addition of IPTG. Addition of 1 mM IPTG to cultures of wildkype, 6oxyR, and ilaiyK/pKK 177-3 (vector only) strains 
did not alter the basal level of p-galactosidase activity relative to that of an untreated culture. Only one member of the OxyR-independent group has been included 
Here. All other members of this group exhibited similar levels of expression in both oxyR* and haxyR backgrounds. 

* 1 mM (final concentration). 

* Fold induction relative to that of an hoxyR strain under similar conditions. 



from the translational start site, disrupting the codon for Val 
166 (50). Similarly, in the hps-5vJacZ mutant, the insertion is in 
the noncoding strand of the thiG gene, disrupting the codon 
for Ala 146 (47), and in hpslOvIacZ, the insertion is in the 
noncoding strand, disrupting the codon for Arg 90 (5). 
. The fusion in hps-21 is in an open reading frame (ORF), 
/4°7(8, 38), whose probable translation product is similar to 
arylsulfatase enzymes and is close to the oriC region of the 
chromosome that initiates replication. Although different pro- 
moter elements in this region have been mapped (20), we do 
not know the ones that are driving the expression of the fusion. 
The fusion in the hps-4vJacZ mutant is in the hemF gene, which 
encodes the aerobically produced coproporphyrinogen III ox- 
idase involved in heme biosynthesis (45). The hps-2 mutation 



maps to the noncoding strand of cell division gene ftsJ (1). 
However, the bases immediately following the fusion juncti n 
in these mutants do not correspond to the published sequence 
information. The discrepancy in sequence information can be 
resolved by cloning the fusion junctions by the mini-Mu 
method (27) and comparing them with the sequences obtained 
by the UV method (33). 

Sensitivity of hps-24 to mitomycin. Strains with mutations in 
the uvrD gene, whose product is a DNA helicase II involved in 
nucleotide excision repair and mismatch repair of DNA, are 
sensitive to mitomycin (an interstrand linking agent causing 
replication blocks). We compared the sensitivity of strain 
RK724, containing hps-24 (lacZ inserted in the uvrD gene), to 



TABLE 6. Effects of hydrogen peroxide on the expression of OxyR- 
activated and hydrogen peroxide-inducible hpsvJacZ fusions during 
exponential phase 0 



Strain 



tacZ fusion 



B-Galactosidase 
activity 
(Miller units) 



Fold 
induction 



RK4936/pAQ24 

RK702 

RK704 

RK710 

RK716 

RK720 

RK721 

RK727 



IcatGvJacZ 

hps-2:JacZ 

hps~4:JacZ 

hps-lOvJacZ 

hps-16vJacZ 

hps-20-.JacZ 

hps-2h'JacZ 

hps-27vJacZ 



Without 


With 




H 2 O a 


H 2 0 2 




1,800 


3300 


1.8 


100 


161 


1.6 


6.5 


11.9 


1.8 


52.2 


1353 


2.5 


8.8 


43.2 


4.9 


45.7 


68.4 


13 


13.5 


233 


1.8 


31.7 


88.1 


2.8 



" Overnight cultures of strains were subcultured twice to an OD^oo of 0.2, 
divided into two portions, and inoculated into flasks containing prewarmed LB to 
an initial OD MM) of 0.1. To one flask, hydrogen peroxide was added to a final 
concentration of 60 u.M; both flasks were incubated for 60 min at 200 rpm and 
37°C After 60 min, cultures were placed on ice. and chloramphenicol (150 u,g/ml 
[final concentration!) was added to stop further protein synthesis. Subsequently, 
cultures were assayed for p-galactosidase activity. 




^0.01 
1 2 3 4 5 6 Orti 

Tim»(h) 

FIG. 3. RpoS-dependcnt expression of hps-2/ vJacZ during growth. The 0-ga- 
lactosidasc activities of the hps-21 "JacZ fusion in isogenic wild-type (wt) and 
rpoS::Tnl0 backgrounds were determined in LB medium during growth, as 
described in Materials and Methods. Symbols: ■ and 0-galactosidase activities 
in rpoS and wild-type backgrounds, respectively. C and O, growth (expressed in 
OD„b,) for wild-type and /paS strains, respectively. O/N. overnight. 
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TABLE 7. Regulation of OxyR-activated genes by RpoS- 







' 1 fJ-Galactosidase 








activity 




Ratio 


Allele 


Growth phase , 


(Miller units) 






rpoS* 


rpoS 




hps-5 


Exponential 


12.8 


16.0 




Early stationary 


50.3 


26.1 


2 


hps-19 


Exponential 


10.8 


7.6 


10 


Early stationary 1 


37.3 


3.8 


hps-21 


Exponential 


3.6 


43 


3.5 


Early stationary 


54.4 


15.4 



• Overnight cultures were serially ^ubcultiired twice to an OD«n of 0.2 and 
inoculated into LB media to an initial ODmo of 0.05. Aliquots of cultures were 
removed every 30 min and assayed for 0-galactosidasc activity. 

* Exponential phase refers to cultures at an OD^o of 0.2, growing for 30 min 
after subculture; early stationary phase refers to cultures at an OD HK> of 2.0, 
growing for 2~5 h after subculture. (< . 



mitomycin relative to that of another nonisogenic uvrD mu- 
tant, HS6882 (Table 9). The hps-24 mutant was sensitive to 
mitomycin compared to the parent strains, and the degree of 
sensitivity was similar to those of strains HS008 (wild type) and 
HS6882 (uvrD::Tri5) (both sets exhibited a 3-mm increase in 
the radius of inhibition of the mutant strain). 

DISCUSSION 

It is known that oxidative stress (hydrogen peroxide treat- 
ment) induces the synthesis of many protein in S. typhimurium 
(10, 28). However, only a few of the genes expressing the 
above-mentioned proteins have been identified. From a ran- 
dom chromosomal fusion library, 26 mutants that exhibited a 
hydrogen peroxide-sensitive phenotype reproducibly in three 
different genetic backgrounds (MC4100, GC4468, and 
RK4936) were isolated. Since transposon insertions were used 
to generate these fusions, our screen may have missed the 
identification of genes essential for survival during hydrogen 
peroxide-stressed conditions (as mutations in these genes will 
not be viable) or during growth. However, we have identified a 
set of nonessential genes that play a significant role in cell 
survival against oxidative damage. 

These genes were grouped into three major classes based on 
expression pattern of the hpsvJacZ fusions during growth, hy- 
drogen peroxide inducibility, and complementation by a plas- 



mid-borne copy of the oxyR gene (Table 4). The expression of 
the lacZ fusion of class I mutants was independent of OxyR 
regulation. A mutation in the xthA gene, encoding exonuclease 
III, which is involved in the repair of damaged DNA, renders 
the cell sensitive to hydrogen peroxide (15) and is similar to 
our class I mutants. The hydrogen peroxide- and heat shock- 
inducible dnaK gene product, DnaK, which is involved in the 
initiation of DNA replication, may play a role in the macro- 
molecular assemblies of proteins under oxidative stress as is 
evident from its similarity to the groE gene product, which is 
involved in encoding molecular chaperones like GroEL and 
GroES proteins. Mutants deficient in dnaK, like class I hps 
mutants, are hydrogen peroxide sensitive (9). 

Class II hps genes require functional OxyR protein for max- 
imum expression. Some class II mutants, -which are activated 
by OxyR, showed increased levels of expression at the onset of 
stationary phase (Fig. 3). It has been recently shown not only 
that katO (23, 29), dps (3), and gbrA (4) are members of the 
OxyR regulori but that their growth phase expression is regu- 
lated by RpoS, the second principal sigma factor responsible 
for starvation stress-induced gene expression (24, 26, 41). The 
expression oikatG (encoding HPI hydroperoxidase) increases 
to a maximum as the cultures enter into stationary phase and 
is regulated at.the level of transcription by RpoS; however, the 
hydrogen peroxide inducibility is regulated in exponential- 
phase cultures at the level of transcription ,by OxyR (10, 28* 
29). We have identified two genes among class II (t>xyR- 
activated) mutants (hps-5 and hps-21) and one among class III 
mutants (hps-19) that show dual regulation. 

One of the identified fusions of the OxyR-activated class 
mapped to rcsC, a probable membrane-bound signal trans 1 
ducer of a two-component regulatory network that controls 
capsular polysaccharide biosynthesis (40).. Like mutations af- 
t fecting other sensor transducers, such , as ntrB (?0), mutations 
v in rcsC do not appear to confer a distinguishing phenotype 
, (40). However, it is possible that a cell that is defective in 
capsule synthesis is vulnerable to some exogenous membrane- 
damaging agents. This may explain why an rcsC mutant, de- 
fective in expressing the cps capsular polysaccharide biosyn- 
thesis genes, is hydrogen peroxide sensitive. The lack of an 
observable phenotype for rcsC mutants may be partially due to 
an overlap in genetic regulation. For example, cross talk be- 
tween distinct systems, such as those that regulate nitrogen 
assimilation and chemotaxis (30), may suppress the effect of a 



TABLE 8. Locations of the iacZ fusion junctions in OxyR-activated hps mutants that map to known E. coti genes 



Fusion 



Chromosomal 
location (min) 



Gene- 



Function (reference|s]) 



hps-2 

hps-4 

hps-5 

hps-10 

hps-21 

hps-24 

hps-27 



67.4 fist Cell division gene (1) . ,„ /Ae . 
50 hemF Aerobically produced coproporphyrtnogen III oxidase; required for synthesis of protoneme IX (45) 
89 thiG* Required for synthesis of thiazole in thiamine synthesis (5, 47) 

89 gtdA e Glycerol dehydrogenase (5, 46) 

81.5 ?497 Similar to arylsulfatase; unknown function (8, 38) 

86 uvrC/ DNA-dependent ATPase and DNA helicasc II (13, 50) 

48 rcsC Sensor-regulator protein of capsular polysaccharide-synthesizing genes (50) 



" Locations of IacZ fusion junctions within known sequences were identified from Blast searches (2). . , . , 

► ^insertion is in opposite orientation relative to transcription of the ftsJ gene. We are presemly unable to identify Ihe potential promoter element driving the 

expression of the integrated IacZ gene from information obtained from GenBank entry ECOUW67. 
*" £. colt eene with maximum homology to our sequence data. • , L • , , , 

"The tSL is in opposite oriental from transcription of the thiG gene. The potential promoter clement dnvmg the transcript™ of the mtcgrated IacZ gene 

mav be that of the hirC cenc from information obtained from GenBank entry ECOUW89 (5). 
"The insertion is in opposite orientation from transcription of the &A gene. We arc presently unable to identify potential promoter elements driving the expression 

of the intearated IacZ ecne from information obtained from GenBank entry ECOUW89 (5). ..... • «■ . w • . , * 

^e insertion is in opposite orientation from transcription of the uvrD gene. The potential promoter clement driving the transcription of the integrated IacZ gene 

may be that of cither ORF [125 or ORF//67 from information obtained from GenBank entry XtX)738 (13). 
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TABLE 9. Sensitivity of HS724 (uvrD:JacZ) to mitomycin 



n i 1 ' Radius of 

Relevant genotype, inhibition (mmr 



RK4936 


Wild type 


55 


HS008 


Wild type 


15 


TA4112 


Aaxy/? 


55 


HS6S82 


uvrD~Tn5 


10.5 


RK724 


uvrDvJacZ 


8.2 


TA724 


AoxyR yvrDi'JacZ 


8.8 



* A 0.2-ml aliquot of a culture grown for 6 h was plated on an LB plate with 
3 ml of soft agar. Filter discs containing mitomycin (10 nl from a 2-mg/ml stock) 
were placed on the middle of each overlaid plate and incubated for 12 h at 3TG 
Each value is the average of triplicate assays. The standard error for each set of 
experiments was less than 0.2 mm. t 



mutation that affects a given two-component regulator. Deter- 
minations of levels of catalase expression, particularly that of 
HPI hydroperoxidase, in other rcsC mutants may help resolve 
this issue. 

The hps-21'dacZ fusion mutant exhibited dual regulation by 
RpoS and OxyR. The fusion was mapped to an ORF, f497 (8, 

38) , whose product is similar to arylsulfatase enzymes (Table 
8). Human intestinal micro flora uses arylsulfatase enzymes to 
break down steroid sulfates in the bile acid and subsequently 
uses the sulfur for dissimilation (48), while the steroid back- 
bone is reabsorbed by the intestine (18). Often intestinal mi- 
croflora uses chondroitin sulfate, a mucopolysaccharide of the 
intestinal tissue, as the sole carbohydrate source (34). The 
breakdown of chondroitin sulfate to unsulfated di- and 
monosaccharides is catalyzed by bacterial sulfatases (34). Since 
the functions of these sulfatases are required under conditions 
of carbon starvation, it is not surprising that their expression is 
<t s dependent (Fig. 3), the sigma factor that directs RNA 
polymerase to promoters of genes required for survival during 
starvation. The genes near the bacterial origin of replication 
are highly conserved, and their functions may play an impor- 
tant role during cell growth (31); however, the independent 
regulation of a putative metabolic gene by OxyR is unclear at 
this time, and further studies are required. 

One of the hps genes showing twofold hydrogen peroxide 
inducibility and OxyR dependence (complementation with 
plasmid-bome oxyR), hps-4 (Table 8), was identified as the 
hemF gene, encoding an aerobically induced enzyme, copro- 
porphyrinogen III oxidase, in protoheme IX biosynthesis (45). 
Prdtoheme IX is required for activity of both HPI(12) and 
HPII— the latter as heme d, a c/s-hydroxylated protoheme IX 
derivative (25). When cultures are exposed to hydrogen per- 
oxide in exponential phase, there is a rapid increase in katG 
(structural gene for HPI hydroperoxidase) transcription (28, 

39) . However, to form a functional HPI hydroperoxidase to 
deal with the challenge, the cell needs to synthesize an ade- 
quate amount of protoheme IX. A deficiency is expected to 
render the cell vulnerable to hydrogen peroxide challenge, as 
observed for the hps-4 mutant (Fig. 1). Earry-stationary-phase 
cultures of the hps-4:jacZ mutant strain had significantly lower 
levels of both HPI and HPII catalase expression compared to 
those of an isogenic wild-type strain, as determined by catalase 
zymograms (35a). The residual catalase activity in this mutant 
strain is probably due to the synthesis of protoheme IX via the 
alternate biosynthetic pathway. Since the hemF gene product is 
required for functional HPI catalase synthesis, it is not surpris- 
ing that hemF and katG are regulated by OxyR. Thus. hemF is 
also a member of the OxyR regulon. 

We presume that the lacZ transcription in fusions that are 



QryK-DEPENDENT GENES OF E. COLI 337 

opposite in orientation to the known pr moters are probably 
driven by promoterlike elements in the 3' regions of the known 
genes. Although the ORF causing the Hps phenotype in hps~5 
(thiG) is yet to be determined (5), it is possible that this fusion 
is driven by the promoter of htrC, a heat shock-inducible gene 
(32). Our speculation is based on the fact that five proteins, 
which are members of the hydrogen peroxide regulon, show 
elevated levels of expression under conditions of heat shock 
(28). Of these five overexpressing proteins (F52a, E89, D64a, 
C69, and E79), three are regulated by OxyR (F52a, E89, and 
D64a) and the identities of only two members are known 
(F52a, a component of alkyl hydroperoxidase reductase; and 
C69, DnaK protein). Alkyl hydroperoxidase breaks down hy- 
drogen peroxide, while DnaK may be involved in the repair of 
peroxidatively damaged DNA. It may also be speculated that 
DnaK protein, in its capacity as a molecular chaperone, is 
involved in proper protein folding under oxidizing conditi ns 
within the cell. 

It is not clear which promoter is involved in the expression of 
the lacZ fusion in hps-24vJacZ (noncoding strand of uvrD); the 
probable promoters) driving the expression may be that f 
either ORF f 125 or f 161 (13). It is also possible that the inser- 
tions in the noncoding strands of known genes cause a polar 
effect, thereby preventing the expression of essential genes 
located on the, 3' end and resulting in the hydrogen peroxide- 
sensitive phenotype. 

Our screen failed to identify any previously known OxyR* 
regulated genes. Since we screened for lac* fusion mutants 
that were hydrogen peroxide sensitive, our screen would n t 
detect any insertion opposite in orientation to an OxyR-regu- 
lated promoter. Thus, a hydrogen peroxide-sensitive pheno- 
type caused by an insertional mutation in opposite orientation 
to any known OxyR-regulated genes would riot be detected. In 
the largely uncharacterized OxyR-independent fusion mutants 
(class I), some of the insertions may have taken place in known 
OxyR-regulated genes but in opposite orientation to the 
OxyR-regulated promoter, resulting in a hydrogen peroxide 
phenotype where the expression of the lacZ gene is directed by 
an unrelated OxyR-independent promoter element. These 
questions can be addressed with further characterization f 
class I fusion mutants. 

Gass III fusion mutants showed increased lacZ expression in 
an hoxyR background. The expression pattern of the 
hps-19:jacZ mutant suggests that the promoter element(s) is 
recognized by both RpoS and OxyR and that OxyR acts as a 
repressor, as is evident from its own expression (10, 44). The 
class III fusions indicate that OxyR acts as a repressor and 
represses a group of genes in £ coli. 

We have attempted to identify the members of the regul n 
that are induced when £. coli is subjected to oxidative stress 
generated by exposure to hydrogen peroxide and that have 
protective functions within the cell. Our approach has identi- 
fied not only additional members of the OxyR-activated regu- 
lon but also members of an as-yet-unknown OxyR-repressed 
regulon. 
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The cytotoxic effects of reactive oxygen species are largely mediated by iron. Hydrogen peroxide reacts with 
iron to form the extremely reactive and damaging hydroxy! radical via the Fenton reaction. Superoxide anion 
accelerates this reaction because the dismutation of superoxide leads to increased levels of hydrogen peroxide 
and because superoxide elevates the intracellular concentration of iron by attacking iron-sulfur proteins. We 
found that regulators of the Escherichia coU responses to oxidative stress, OxyR and SoxRS, activate the 
expression of Fur, the global repressor of ferric ion uptake. A transcript encoding For was induced by hydrogen 
peroxide in a wild-type strain but not in a baxyR strain, and DNasc I footprinting assays showed that OxyR 
binds to thtfur promoter. In cells treated with the superoxide-generating compound paraquat, we observed the 
induction of a longer transcript encompassing both fur and its immediate upstream gene/b£4, which encodes 
a flavodoxin. This poiydstronic mRNA is induced by paraquat in a wild-type strain but not in a AsoxftS strain, 
and SoxS was shown to bind to the fldA promoter. These results demonstrate that iron metabolism is 
coordinate^ regulated with the oxidative stress defenses. 



Reactive oxygen species can damage DNA, lipid mem- 
branes, and proteins and have been implicated in numerous 
diseases. As a defense, both prokaryotic and eukaryotic cells 
have inducible responses that protect against oxidative dam- 
age. These antioxidant defense systems have been best char- 
acterized in Escherichia coli (reviewed in reference 29). Hy- 
drogen peroxide activates the transcription factor OxyR 
through the oxidation of two cysteines and formation of an 
intramolecular disulfide bond (34). Activated OxyR then in- 
duces transcription of a set of antioxidant genes, including 
katG (hydroperoxidase I), ahpCF (alkylhydroperoxidase), dps 
(a nonspecific DNA binding protein), gorA (glutathione reduc- 
tase), grxA (glutaredoxin I), and oxyS (a regulatory RNA). 
Superoxide-generating compounds, such as paraquat, activate 
the transcription factor SoxR by oxidizing the 2Fe-2S cluster in 
the protein through an unknown mechanism (11, 16). Oxidized 
SoxR then induces the expression of the second transcription 
factor SoxS, which directly activates the transcription of sodA 
(manganese superoxide dismutase), jfc^ (ferredoxin/flavodoxin- 
NADP* reductase), zwf (glucose 6-phosphate dehydrogenase), 
frimC (furnarase C), nfo (endonuclease IV), acnA (aconitase 
A), and micF (a regulatory RNA). 

There is an intimate relationship between iron metabolism 
and oxidative stress. Iron is an indispensable element for living 
cells, since many metabolic enzymes have iron as a cofactor in 
their active sites. On the other hand, through the Fenton re- 
action, iron also promotes the formation of hydroxyl radicals, 
which indiscriminately damage all cellular components. Thus, 
cells have evolved regulatory systems to ensure the sufficient 
uptake of iron to meet their physiological requirements yet at 
the same time minimize iron toxicity. The regulation of iron 
homeostasis in both eukaryotic and prokaryotic ceils is the 
subject of intense study, and much is known. In prokaryotic 
cells, a transcription factor denoted Fur (ferric uptake regula- 
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tion) negatively regulates many genes involved in ferric iron 
uptake from the environment (reviewed in references 6 and 7). 
Most Fur-regulated genes are derepressed in growth at low 
iron and are repressed under conditions of high iron, and in 
vitro DNA binding assays suggest that high levels of iron favor 
Fur association with DNA (2, 3, 9, 15). Thus, Fur is considered 
to be an iron-dependent repressor. The findings that bfur mu- 
tants are sensitive to hydrogen peroxide and show increased 
oxidative DNA damage and mutations under aerobic condi- 
tions have implicated Fur in the defenses against oxidative 
stress (32). However, Fur expression in response to oxidative 
stress has not been examined. 

As part of our continuous effort to better define the physi- 
ological role of OxyR, we initiated a computational approach 
to identify additional OxyR-regulated genes. We used an al- 
gorithm based on information theory (26) that uses previously 
identified OxyR binding sites as a model to search through the 
entire £. coli genome for new OxyR binding sites. This ap- 
proach predicted an OxyR binding site in the promoter region 
of the fur gene. Subsequent experiments confirmed OxyR bind- 
ing to this region and showed that fur expression is induced by 
OxyR after hydrogen peroxide treatment We also found that 
SoxRS regulates /ur by activating the expression of a transcript 
encoding both flavodoxin and Fur. These results show that the 
control of iron metabolism in £ coli is an integral part f the 
antioxidant defense response and that the regulation of Fur by 
OxyR and SoxRS directly reflects the chemistry between iron 
and reactive oxygen species. 



MATERIALS AND METHODS 

Computer search program. The seven OxyR target sequences analyzed pre- 
viously (25) and two new sites (px<4 at position 207 in GcnBank entry M13449 
and a second Mu phage mom site at position 59 in GenBank entry V01463) were 
used to generate an individual information weight matrix (2$). The matrix was 
scanned across the entire E. coU genomic sequence (5). The sites identified were 
sorted by information content so that the strongest sites could be investigated 
further. Local regions of the genome surrounding the strongest sites were dis- 
played using the Lister program (version 9.02) (Fig. 1) to show coding regions 
along with sequence walkers representing potential binding sites (27). Detailed 
Lister maps of the fldA-fur region including ribosome binding sites and cyclic 
AMP receptor protein sites are available online (28). 
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FIG 1 Sequences of fur and fldA promoter regions. The DNA sequences and coordinates are for £ coli from GenBank accession no. U00096 (5). The 
transcriptional surts are marked by black arrows, fix JldA and fur open reading frames are indicated by white arrows, and the DNase I footprints are denoted by gray 
boxes. The location of the predicted QxyR site is shown by a sequence walker (27), in which the rectangle surrounding the adenine at position i 710103 indicates the 
center (zero base) of the binding site. A sequence walker consists of a string of letters in which the height of each letter shows the contribution that the corresponding 
base would make to the average sequence conservation shown by the sequence logo of all binding sites (25). Tie sequence walker is given on a scale of bits of 
information. The rectangle surrounding the adenine gives the scale, from -3 bits up to the maximum conservation at +2 bits. Positively contributing bases are above 
the zero line, while negatively contributing ones are below the line. By using bits, the heights of all letters can be added together to obttfa the ^ sequence 
conservation of a site. The fur site is 14.5 bits, and the average QxyR site is 16.7 ± 1.9 bits. The rectangle surrounding the inverted thymine at position 710088 indicates 
that no T residues were found at this position in the OxyR sites used to construct the model. 



Strains and plasmlds. The plasmids used in this study were constructed as 
follows. An 840-bp fragment carrying the fldA gene was amplified by PCR from 
genomic DNA (using the primers 5-GCC ACT TGA ATTCCG GGA CAT TG 
and 5*-GAA CGGATCC AA GAG ATG TTA ATG C [underlined sequences 
are restriction sites]) and cloned into the EcoRI and flam HI sites of pUCl8 to 
generate pGSO%. A 250-bp fragment containing the fur promoter region was 
amplified by PCR from genomic DNA (using primers 5-AAT GAATTC CAC 
AAG TCC CTG GC and 5'-CCG CGG ATC C TG TAG AAA AAT GGG) and 
cloned into the EcoRI and BamHl sites of pUC18 to generate pGS097. A 
200-bp fragment containing the fldA promoter was PCR amplified Cram genomic 
DNA (using primers 5-GCC GTA GCG AAC QQA TCC AAG AG and 5'- 
GCC AGT G AA AGC TTT GAG TG) and subdoned into the MndlU and 
BamHl sites of pUC18 to generate pGS098. The integrity of aU clones was 
verified by DNA sequencing. Standard cloning techniques were used. The 
toaxyRvJum (GS09 [32]). bsaxRS-zjc2205 zjc22O4:Xnl0knn (DJ901 [14]), and 
6fur.jutn (QC1732 [32]) mutant alleles were moved into MC4100 by PI trans- 
duction to generate GS047, GS071, and GS072, respectively. 

RNA Isolation. Cultures were grown under aeration at 37*C in LB (Luria- 
Bertani) rich medium or M63 minimal medium supplemented with 2 mg of 
glucose and 20 u.g of vitamin Bi per ml. The cell pellet from 25 ml of culture 
grown to an optical density at 600 nm of 0.2 to 0.3 was resuspended in 1 ml of 
TR1ZOL (Gibco BRL). All subsequent purification steps were carried out ac- 
cording to the TRIZOL reagent manual (based on reference 8). RNA yields 
were typically 100 to 200 u-g- 



Primer extension assay. RNA samples were subjected to primer extension 
assays as described elsewhere (30). using primers specific to fur (5'-CAA GTC 
CCT GGC AAA TAT TG and 5' -TAT TGT TAT CAG TCA TGC GG) and 
fldA (5'-CCA AGC TGT TTT TGA ATC AT). 

Northern blotting. The RNA samples (10 uf) were denatured at 65*C in 0.5 x 
Tris-borate-EDTA buffer-70% fonnamide, separated on 6% urea-polyacrylam- 
ide gels, and transferred to nylon membranes by clectrobk>ttin2. The membranes 
were probed with the fcoRI-BamHl fragment of pGS097 ( M P Ubeled at the 
EcoRI site) and the EcoRl-BamHi fragment of pGS096 (random primer la- 
beled with M P). 

Protein purification. OxyR protein was purified as described elsewhere (30). 
Strain XA90 harboring the SoxS overexpression plasmid (pKOXS) was obtained 
from B. Demple. Crude extracts of cells owerexpresslng the SoxS protein were 
prepared as described by Li and Demple (21). 

DNase I footprinttng. The DNase I footprinting assay of OxyR binding to the 
fur promoter, contained on the flam HI -EcoRI fragment of pGS097, was carried 
out as described previously (31). The DNase I footprint assay of SoxS binding to 
the fldA promoter, contained on the Bam Hl-WindlH fragment of pGS098, was 
carried out as described previously (21). 

Immunoblot assays. Proteins were separated on a sodium dodecyl sulfate 
(SDS)-12% polyacrylamide gels and transferred to a nitrocellulose filter by 
electroblotting. The filter was then probed with a 1:500 dilution of Fur antiserum, 
provided by M. Vasil. Bound antibody was visualized with rabbit antiserum by 
using an enhanced chemiluminescence Western blotting kit from Amcrsham. 
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FIG. 2. Primer extension assays of fur and fidA expression in wild-type, 
baxyR, and IsaxRS strains grown in LB. Exponential-phase cultures were split 
into three aliquot* one aliquot was left untreated, one was treated with 1 mM 
hydrogen peroxide, and the third was treated with 0.1 mM paraquat (PQ). The 
cells were then harvested after 10 min. Total RNA was isolated, and primer 
extension assays were carried out with primers specific to fidA (5* -CCA AGC 
TGT TTT TGA ATC AT; top) and fur (5'-CAA GTC CCT GGC AAA TAT 
TG; bottom). The neighboring sequencing reactions were carried out with the 
same primers. 




FIG. 3. DNase I footprinting assays of OxyR binding to the fur promoter and 
SoxS binding to the fidA promoter. Protected regions on both strands of each 
promoter are indicated by the brackets. For the OxyR binding to the fur pro- 
moter, the BamHl-EcofU. fragment of pGS097 was "P labeled at either the 
BamHl site (top strand) or the £coRI site (bottom strand), and the DNase I 
footprinting was carried out as described elsewhere (31). For the SoxS binding to 
the fidA promoter, the fiamHl-/rmdIII fragment of pGS098 was "P labeled at 
either the BamHl site (top strand) or the HindUl site (bottom strand), and the 
DNase I footprinting was carried out as described elsewhere (21). The samples 
were run In parallel with Maxam-Gilbert G/A sequencing ladders. 



The a-Fur antiserum was predeaned as follows. The cell pellet of 20 ml of 
GS072 (A/urJfcan strain) grown to optical density at 600 nm of 0.2 was resus- 
pended in 100 uJ of phosphate-buffered saline, mixed with 6 uJ of tysozyme (10 
mg/ml), and then frozen and thawed three times. The lysed cells were spread 
onto a nitrocellulose filter, and the filter was allowed to dry for 10 min. The Alter 
was then incubated with the diluted Fur antiserum for 2 h. After the GS072 filter 
was removed, the diluted semm was used to probe the experimental filters. The 
purified Fur protein was provided by C. Outten and T. O'Halloran. 

RESULTS 

OxyR activation of fur. This work was initiated by a search 
for additional OxyR binding sites. Rather than carry out tra- 
ditional genetic or biochemical screens, we used a computa- 
tional approach based on information theory (26). With this 
approach, previously identified OxyR binding sites (31) were 
used as a model to search the E. coli genome sequence (5). The 
computer search indicated an OxyR binding site at coordinate 
710103, centered at 234 bp upstream of the start codon of the 
fur gene (Fig. 1). This site has an information content of 14.5 
bits, which is higher than those of the oxyR (13.9 bits), dps (12.3 
bits), andgorA (11.2 bits) sites but lower than those of the katG 
(19.1 bits), ahpC (23.1 bits), and grxA (26.0 bits) sites. 

To determine whether fur is regulated by OxyR, we exam- 
ined fur expression in wild-type and boxyRvJcan mutant strains 
treated with hydrogen peroxide. Primer extension assays car- 
ried out with two different primers showed that fur mRNA 
levels are induced by 1 mM hydrogen peroxide and that this 
induction is oxyR dependent (Fig. 2, bottom, and data not 
shown). Similar 10-fold induction was observed in rich (LB) 



and minimal (M63) medium. The start of the fur message was 
mapped to two adjacent G residues located more than 100 
bases upstream of the two transcription starts reported by de 
Lorenzo et al. (10). The RNA sample analyzed in this previ us 
study was derived from a fur-lacZ fusion plasmid carrying only 
80 bp of the fur promoter. The previously mapped transcrip- 
tion start might correspond to a weak promoter or is an artifact 
of the reverse transcription reaction. 

To test for OxyR binding to the promoter region of fur, we 
carried out DNase I footprinting experiments. As shown in Fig. 
3A, the region protected from DNase I digestion directly cor- 
responds to the binding site predicted by information theory 
(Fig. 1). The OxyR binding site is immediately upstream f the 
-35 region of the promoter, an arrangement that has been 
observed at other OxyR-activated promoters (31). 

SoxRS activation of fldA-fur. The results described above 
and the intimate relationship between oxidative stress and iron 
metabolism prompted us to investigate the effect of paraquat 
treatment on expression of the fur gene. We observed a de- 
crease rather than an increase of the main primer extension 
product detected with the /Mr-specific primer (Fig. 2, bottom). 
However, we noticed the presence of a longer extension prod- 
uct induced by paraquat in a jacAS-dependent fashion. We 
mapped the start of this extension product to the promoter 
region of the fidA gene, which is directly upstream of and in the 
same orientation as the far gene (Fig. 2, top). Treatment with 
0.1 mM paraquat led to a similar 10-fold induction of the fldA 
transcript in both rich and minimal media (data not shown). 
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FIG. 4. Northern blot of total cellular RNA isolated from wild-type cells 
grown in LB which were left untreated or were exposed to 1 mM hydrogen 
peroxide or 0.1 mM paraquat (PQ). The blot was probed with a 32 P-labeled 
fragment carrying the fur promoter (pGS097). A 32 P-labeled 100-bp DNA lad- 
der was electrophoresed alongside the RNA to determine the approximate sizes 
of the RNA species. Correspondingly, the lengths of the upper and lower tran- 
scripts are estimated to be 1 J and 0.7 kb, respectively. 



To determine whether the long extension product is from an 
mRNA that encompasses both fldA and fur, we carried out 
Northern blot ■ analysis on the RNA samples used for the 
primer extension assays shown in Fig. 2. A transcript that is 
detected by both fldA (data not shown) and fur probes (Fig. 4) 
is induced by paraquat. Interestingly, hydrogen peroxide treat- 
ment leads to a significant decrease in the levels of the fldA-fur 
transcript while paraquat treatment leads to a slight decrease 
in the levels of the fur transcript. We do not know the reasons 
for this regulation. 

To test for SoxS binding to the promoter region of fldA, we 
again carried out DNase I footprinting assays (Fig. 3B). The 
region protected by SoxS spans 25 bases on the coding strand 
(Fig. 1 and 3B) and contains a GCAC sequence which matches 
the previously determined SoxS binding motif (22). 

High levels of Fur protein. To assess whether the OxyR and 
SoxRS induction of fur transcription leads to changes in Fur 
protein levels, we carried out immunoblot analysis. As shown 
in Fig. 5A, both hydrogen peroxide treatment and paraquat 
treatment led to a twofold increase in the intracellular Fur 
protein levels within 30 min. By comparing the cellular Fur 
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FIG. 5. Immunoblot analysis of Fur protein levels. (A) Wild-type cells 
(MC4100) grown to exponential phase in LB were treated with 0.2 mM hydrogen 
peroxide or 0.1 mM paraquat (PQ)* and samples were taken at the indicated 
tiroes. The cell pellets were then resuspended in protein loading buffer to give a 
final concentration of 2 x 10* cells/uJ. An aliquot (5 uJ) of each sample was 
loaded on an SDS-polyacrylamide gel and probed with Fur antiserum. (B). 
Purified Fur protein was suspended in protein loading buffer to give final con* 
centrations of 80. 40, 20, and 10 nM. Aliquots (5 h-1) of each purified Fur sample 
together with aliquots (5 and 2.5 uJ) of the sample from the untreated cells were 
loaded in the indicated lanes of an SDS-polyacrylamide gel and probed with Fur 
antiserum. 



levels with defined amounts f purified Fur protein, we esti- 
mate that the intracellular Fur concentration in nontreated 
cells during exponential growth to be approximately 5,000 mol- 
ecules/cell (Fig: 5B). Thus, oxidative stress leads to a concen- 
tration of approximately 10,000 Fur m lecules/cell. These lev- 
els are similar to the 2,500 Fur molecules/cell determined for 
Vibrio cholerae (33). 

DISCUSSION 

We have shown that the primary regulators of the E, coli 
response to oxidative stress, OxyR and SoxRS, modulate the 
levels of the ferric uptake regulator Fur. OxyR, which senses 
elevated levels of hydrogen peroxide, binds to the fur promoter 
and induces the .expression of a transcript encoding Fur. SoxR 
and SoxS, which modulate the response to superoxide-gener- 
ating compounds, activate the expression of a transcript en- 
coding both flavodoxin and Fur. This is achieved by SoxS 
binding to the promoter region of fldA, The induction of fur 
transcription by OxyR and SoxRS leads to an increase in Fur 
protein concentration. We propose that this regulatory net- 
work may also exist in other bacterial organisms, especially 
since Fur is ubiquitous among prokaryotes. We have observed 
that the fldA- fur gene arrangement is conserved in Klebsiella 
pneumoniae (1), Haemophilus influenzae, Yersinia pestis, and 
Actinobacillus actinomycctemcomitans. 

It is well documented that a major portion of the hydrogen 
peroxide toxicity in £. coli can be attributed to DNA damage 
which is caused by hydroxy! radicals generated by hydrogen 
peroxide and intracellular iron via the Fenton reaction (18). In 
addition, recent work has demonstrated that superoxide toxic- 
ity is mainly due to its role in accelerating the Fenton reaction 
(20, 24). Superoxide attacks iron-sulfur proteins, leading to the 
release of iron that can participate in the Fenton reaction. 
Since the toxicities of both hydrogen peroxide and superoxide 
are exacerbated by iron, Fur induction by both OxyR and 
SoxRS reflects the chemistry of oxidative stress. The finding 
that Fur is induced by oxidative stress is also consistent with 
the observation that Fur provides protection against oxidative 
damage and mutagenesis (32). However, the exact conse- 
quences of the twofold increase in Fur levels are unclear. 
Possibly, new Fur synthesis is required to replace Fur that is 
damaged by oxidants reacting with metals bound by the repres- 
sor. The increase in Fur levels may also be required for in- 
creased repression of iron uptake. 

In general, the very high levels of the Fur protein raise 
questions as to the role of this transcription factor. We have 
found that there are approximately 5,000 Fur molecules/cell in 
exponentially growing £. coli cultures and approximately 
10,000 Fur molecules/cell after oxidative stress. The levels that 
we have determined for £1 coli are comparable with the 2^00 
Fur molecules/cell reported for K cholerae (33) but much 
higher than the levels of other transcription factors. For exam- 
ple, there are estimated to be 10 to 20 copies of the LacI 
repressor and 50 to 300 copies of the Trp repressor per cell (12, 
19). One possible reason for the high concentration of Fur 
protein is that there are many predicted Fur sites in the & coli 
genome (20a). The regulation of iron uptake genes, however, 
may not be the sole function of Fur. Possibly, Fur sequesters 
iron in order to reduce the levels of DNA-bound iron. This 
function would be similar to a function ascribed to the ferritin- 
like, nonspecific DNA binding protein Dps (13), whose expres- 
sion is also regulated by OxyR. Another role of Fur may be to 
catalyze the breakdown of hydrogen peroxide. The dismutation 
of hydrogen peroxide is a thermodynamically favorable reac- 
tion (A£ = +1.06 V) and could be catalyzed by the Fur-bound 
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iron cycling between the Fe 2+ and Fe 3+ oxidation states. Roles 
in addition t transcriptional regulation should be considered 
in further studies f Fur function. 

We have also shown that the expression of flavodoxin A is 
coinduced with Fur when cells are treated with paraquat. Fla- 
vodoxin together with ferredoxin/flavodoxin-NADP* reduc- 
tase (encoded by fpr) functions as a versatile reduction system 
f r many metalloproteins. It is required for the conversion of 
dethiobiotin to biotin and the activation of anaerobic ribonu- 
cleotide reductase, anaerobic pyruvate formate-lyase, and vi- 
tamin B 12 -dependent methionine synthase (reviewed in refer- 
ence 17). Interestingly, the expression of the ferredoxin/ 
flavodoxin-NADP* reductase is also regulated by SoxRS (23). 
In addition, jjv deletion strains are hypersensitive to paraquat 
killing and ferredoxin/flavodoxin-NADP* reductase-overex- 
pressing strains are resistant (4). However, the roles of fla- 
vodoxin and the f erre^oxirVflavodaxin-N ADP * reductase in 
protecting against oxidative stress are not clear. We speculate 
that one role of the flavodoxin reduction system might be to 
keep Fe-S clusters reduced and thus resistant to superoxide 
attack. Another possible role of flavodoxin and the ferredoxin/ 
fiavodoxm-NADP* reductase may be to modulate the redox 
state of the SoxR protein. In fact, compared to a wild-type 
control strain, we have observed stronger initial soxS induction 
followed by a faster decay of soxS levels after paraquat treat- 
ment of an flavodoxin overexpression strain (data not shown). 

Our findings, together with the report that Fur binds to its 
own promoter (10), suggest that the regulation of fur expres- 
sion is complex. This conclusion is reinforced by additional 
computation searches which indicate that the cyclic AMP re- 
ceptor protein and Mar A regulator may also bind in the fldA- 
fur region (28). Our results also illustrate the coordination 
between different regulatory pathways in the response to oxi- 
dative stress. Given the wide range of oxidative damage to the 
cell, it is conceivable that DNA repair, protein degradation, 
metabolic energy generation, cell division, and other cellular " 
activities are all coordinate^ regulated. Together, these activ- 1 
ities form an oxidative stress response network. Mapping out 
the connectivity of this network and quantitatively modelling 
the regulation is one important direction for future studies of 
cellular defenses against oxidative stress. 
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